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Abstract 
Process synthesis deals with the development of synthesis tools to help improve process 
efficiencies, energy efficiency, capital and operating expenses for the process industries. In 
recent years, researchers have focused on process synthesis tools such as the ‘Attainable 
Regions’ technique, and many other complex mathematical formulations have been 
developed for different applications. All these tools assist the design engineer to identify all 
possible outputs, by considering only the given feed specifications and permitted 
fundamental processes.  
 
This work contributes to the development of a process synthesis tool in the form of 
systematic graphical techniques that look at the processes of coal gasification and coal-
methane co-gasification.  This tool is also used to look for opportunities to improve 
efficiencies of these processes and to reduce carbon dioxide emissions.  
 
By making a few reasonable assumptions; the mass balances, the energy balance and 
reaction equilibria around a gasifier can be set up. This thesis deals with how these 
balances are set up; also looks at what effect the feed composition and choice of reactor 
conditions (temperature and pressure) may have on the possible gasifier product. 
 
This tool is used to analyse; the partial pressures of components through the gasifier, 
reaction equilibria, reaction paths and syngas composition (CO:H2 and CO2:H2 ratios) 
given certain operating conditions and the results were found to be consistent with 
literature. 
  
The traditional requirement of a CO:H2 ratio of 2 for Fischer Tropsch (FT) synthesis is 
explored. Of biggest interest is a proposed new FT chemistry as proposed by Patel et al. 
This chemistry proposes setting a CO2:H2 ratio of 3 as the target for FT synthesis. Some 
optimisation work is also done on the possible syngas composition for both the traditional 
and proposed chemistry routes.  
 
Coal and methane co-gasification is also explored using this tool and the results are shown 
to be consistent with literature. 
 
The result of this approach shows that we can work in a stoichiometric subspace defined by 
the energy and mass balance. Furthermore we can show that gasification is energy and not 
work limited which has implications for the design and operation of these units. 
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CHAPTER 1: Introduction 
________________________________________________________________________ 
1.1Introduction 
The gasification of coal as a process is one of the most important in supporting our daily 
modern life, as it is used for electricity generation for our cities and in countries like South 
Africa; it is used for the production of CO and H2 (syngas) that is used as feedstock for the 
production of fuels through the Fischer Tropsch (FT) process.  
 
Sustainability is a serious challenge for the process industry and sustainable development 
has been defined as “the continuous innovation, improvement and the use of clean 
technologies to reduce pollution levels and consumption of resources” (OECD, 1998) [1]. It 
is then of utmost importance that we have a proper understanding of the gasification 
process; as optimising this process can help in the production of cheaper electricity, 
optimising the FT process and therefore lessens the dependence on natural gas and oil. 
 
There are a number of ways that one can interpret and optimise gasification and the 
purpose of this thesis is to try and understand the gasifier by using a quick and efficient 
way of mathematically modeling gasifiers without the use of experiments. 
 
Gasifiers are reactors where complex chemical reactions occur. The most important input 
parameters for a coal gasifier are the amount of H2O (in the form of steam) and the amount 
2 
 
of oxygen (O2) that is added. With current FT technology, the parameter that one usually 
tries to control is the H2: CO ratio that is produced by the gasification reactions. 
Many techniques are available for analysing gasifier performance as shown by Higman and 
van der Burgt [2]. However these rely heavily on complex mathematical simulations or 
optimization problems that require understanding of complex mathematical theories and 
the outputs of these are usually depicted graphically. 
 
This approach is more difficult to adapt for synthesis; for example if we wished to operate 
a gasifier to achieve another output, for example the ratio H2:CO2 = 3:1, we could ask a 
number of questions. 
• Is it possible to produce a syngas of this composition? 
• If it is possible, how should we operate the gasifier? 
• How efficient is the gasifier when producing a mixture of this composition? 
• What side reactions could be important, for example methane (CH4) production or 
carbon deposition? 
• Considering these side reactions, could these prevent us from achieving the desired 
result? 
All of the above questions are synthesis questions. They can of course be answered by 
experimentally gasifying coal in a small laboratory apparatus and then trying to identify 
possible input ratios of H2O and coal and how the gasifier output depends on these. This is 
fairly laborious and expensive and more so if the answer turns out to be that such a mixture 
cannot be made.    
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Alternatively one could try by using simulation software and adjusting parameters and thus 
computing what composition syngas is produced. This brings up a few interesting 
questions. If one does not get the desired operation, is this because one did not use the 
correct set of input parameters or is the desired syngas not producible? How would one 
know? If the latter is true, then what is producible that would be of use to us? 
These questions are of particular importance in the early stages of synthesis.  
 
1.2 Aim of the study 
One would like to find a method that is quick and easy and that generates insight more than 
high accuracy answers. The aim of this work is to develop such an approach. Although it is 
applied to coal gasification and coal-methane co-gasification in this work, it can be applied 
to other reactors such as the Fischer-Tropsch reactor as did Musanda et al [3]. 
  
We do this by considering the major reactions that determine the reacting gases’ 
composition, as did Zainal et al [4]. We find all possible outputs for a given input; that 
possibly satisfy the mass balance. We look at how the input parameters such as H2O and O2 
affect this mass balance region. We then include the energy balance and see how this 
restricts the set of possible outputs. We can lastly, include an entropy balance and again see 
how this affects the feasible set of outcomes. 
 
All outcomes that satisfy all 3 constraints are in principle achievable. We can then look at 
the efficiency of operation and how this varies among the outputs and what affects this. We 
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can also see if a process is heat or work limited, Patel et al [5]. This is important as it allows 
us to understand what limits the operation of the gasifier and hence its efficiency.  
Lastly, one can incorporate reactions that are at equilibrium or that might tend to 
equilibrium, but we do not however attempt to look at the kinetics of these reactions. Such 
reactions could be the water-gas shift (WGS) reaction, methane formation or carbon 
deposition. This allows us to identify: 
• Possible paths or compositions that the gas may follow as it moves through the 
gasifier as in the case of the WGS. 
•  Alternatively it may help us to see what regions of operation we wish to avoid, 
such as in trying to suppress methane formation. 
• The equilibrium reactions could also tell us where problematic reactions are likely 
to occur, such as carbon deposition and again what one could do to mitigate these. 
 
An interesting question: 
Patel et al [5] have shown that the efficiency of a Fischer-Tropsch process could be 
improved from the typical 46% to 61 % if a new chemistry was used in the synthesis 
section. The importance of this is that an increase in carbon efficiency implies reduced CO2 
emissions. Patel showed that the conventional process which goes from gasification to 
produce a syngas H2: CO = 2:1 ratio and then to FT synthesis to produce a generic -CH2- 
has a carbon efficiency of 46%. 
 
As Patel showed, it is theoretically possible to produce hydrocarbons from a reaction of 
CO2 with hydrogen instead of the typical CO and hydrogen mixture, so if one could run the 
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coal gasification and produce a synthesis gas of CO2:H2 = 1:3 and then react this gas 
according to the equation: 
CO2 + 3H2 → CH2 + 2H2O 
The carbon efficiency of the process would be increased to 61%. Where CH2 is a generic 
formula used for hydrocarbon products and not in itself a stable compound. 
 
Thus the question is, can we and how would we operate a gasifier to achieve a syngas ratio 
of other than the more conventional H2: CO of 1:1 that is currently produced or H2: CO of 
2:1 that is currently used as feed to the FT synthesis reactors? 
   
1.3 Thesis outline 
Chapter 2 
In this chapter; literature on the design and optimisation of the gasification process is 
reviewed to give an insight into the latest progress and development in the techniques 
involved. Current thermodynamic models that attempt to explain gasification are also 
reviewed.  A short review of coal-methane co-gasification is also included. The challenges 
that face the world and the process industry are also highlighted.  
 
Chapter 3 
In this chapter we define some of the reactions that are possible in a gasifier. We define 
reaction extents, set up a material balance based on these extents and we then investigate 
the restrictions if any; that the mass balances may impose on the extent of possible gasifier 
reactions. This we present in the form of plots as defined by the mass balance space. We 
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furthermore investigate by looking at different scenarios, what effect the composition of the 
feed may have on the mass balance region and from this we look to optimise the feed 
composition of the components fed into a gasifier. 
 
Chapter 4 
Having set up the reaction extents, we now look at the idea of representing our reaction 
components in the form of contour lines, making up a contour map representing their 
individual partial pressures. We look to see how the partial pressure of each component 
affects the map and this of course ties up with our discussion on the effect of feed 
composition on the reaction extent.  
 
Chapter 5 
In this chapter we set up an energy balance across the reactor. We explore three cases: 
 (i) Gibbs’ free energy (as used by other gasification models [6 – 11]). 
(ii) The adiabatic case (∆H = 0) (as used by Jarungthammachote [11]). 
(iii) The case where ∆H = Q, where Q is the heat gained by or lost from the reactor. 
We then set out to explore whether the reaction limiting factor is the Gibbs’ free energy or 
the difference in enthalpy of reactants and products. We make use of the thermodynamic 
properties of the components (standard enthalpy of formation and standard Gibbs’ free 
energy of formation) and an overall energy balance across the reactor to set up our 
equations, we solve these and then we are able to answer the question of limitation. 
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We then combine the mass and energy balance to work out the areas in our plots where 
gasification is possible, especially in the adiabatic case. We then investigate based on our 
energy and mass balance; the effect that the feed composition, temperature and pressure 
will have on the energy balance and the overall look of our picture.  
 
Chapter 6 
As we mentioned in the introduction; we need to identify if we can and how we can operate 
a gasifier to produce a syngas ratio other than the conventional H2: CO of 1:1 or the H2: CO 
of 2:1 that is currently used as feedstock for FT synthesis. This chapter then deals with 
firstly identifying the conventional syngas ratios on our plot and then goes on to identify 
areas where the “new chemistry” is possible. 
 
We explore areas where the production of syngas with the ratio H2: CO2 of 3:1 and the ratio 
H2: CO of 2:1. We then try and identify if it is possible to produce syngas with both of 
these being possible. We also look at the effects if any, that feed composition has on the 
syngas ratios that are produced. 
 
We furthermore look at the FT synthesis reaction and investigate the possibility of 
producing syngas where both the traditional and the proposed new routes can be followed. 
 
Chapter 7 
We have now looked at the mass balance, the partial pressure, energy balance and what we 
can possibly achieve in terms of the syngas produced, but we have not yet looked at what is 
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probably the biggest assumption that we have made and that is: The reactions are at or very 
close to equilibrium and this chapter deals with that.  
 
In this chapter we make use of thermodynamics and what it tells us about reaction 
equilibria. We make use of the definition of the equilibrium constant, partial pressure, 
reactant and product molar fractions and we also make use of the Van’t Hoff equation to 
set up our equations. We then plot the results in our mathematical space to identify where 
all our reactions are likely to lie relative to the mass and energy balance, where they are 
likely to lie relative to our partial pressure contour map and where they are likely to lie 
relative to our syngas composition ratios. 
 
We investigate the effects if any that:  
1. Feed composition 
2. Temperature 
3. Pressure and  
4. Methane produced 
will have on our possible areas of gasification and on syngas production. 
 
From these plots we are able to identify areas where carbon deposition is possible and areas 
where methane production is prevalent, etc. We then look to optimise our variables 
(temperature, pressure and feed composition) to achieve the best possible gasification.  
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Chapter 8 
After the optimisation of our variables, we in this chapter go on to put everything together 
and identify an area where we feel that our gasifier operations are optimum. This area is 
identified by: 
• Optimum temperature. 
• Optimum pressure. 
• Optimum feed composition (steam, oxygen and carbon). 
• Zone of optimum energy (on or near adiabatic case). 
• Target area of syngas composition (optimum H2: CO and H2:CO2 ratios). 
 
Onto these we can as stated earlier, put on our partial pressure contour map and this will 
help us in identifying any composition that we may look for. 
 
Chapter 9 
This chapter looks at comparing our coal gasification model to data from literature. We do 
this by first converting syngas data from literature into our mathematical space and then we 
calculate expected syngas results using our model based on the information given in 
literature and then we compare these two. We also look to see if both of these results 
follow the suggested reaction path through the gasifier. We attempt to interpret these 
results and any discrepancies between the literature and the model. 
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Chapter 10 
In this chapter, we extend our model into a three-dimensional space by introducing a new 
variable to our model, the composition of methane fed into the gasifier. In essence, we are 
looking at the co-gasification of coal and methane. We also look at all the other variables as 
done in the previous chapters (temperature, pressure and feed composition), to see how a 
gasifier can be optimised, the only difference here being that the amount of methane fed 
into the gasifier is now a variable.  
 
Chapter 11 
This chapter concludes the thesis by summarising the conclusions of all the chapters 
contained herein. The contribution of this thesis to the knowledge body is stated and the 
relevance of the thesis title is verified by confirming that the objectives have been 
achieved. We furthermore make recommendations in terms of further work that may still 
need to be done and we end by making recommendations on the current and the proposed 
new approach to FT synthesis. 
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CHAPTER 2: Literature Survey 
2.1 Introduction 
In this chapter we look at what gasification is and the particular challenges that the world 
faces and the resulting need for the optimisation of gasifier operations. We also review 
some gasification models and also look at the co-gasification of coal and methane. 
 
2.2 Gasification 
Gasification is a physical/chemical process that is used to convert coal (carbon) into usable 
synthesis gas (H2, CO) using heat, water (in the form of steam), oxygen and pressure.  
According to Higman and Van Der Burgt [1], the development of gasification can be 
directly linked to the development of human history. The relationship between the earth, 
human development and history with fire has been well documented for centuries, and 
when we add the elements of air and water to fire, this completes the puzzle for 
gasification. 
 
Early gasification technologies depended heavily on pyrolysis but with current 
technologies, this is less prevalent. The first fuel used by humans was wood and this is still 
used today by millions worldwide. The first application of gasification on an industrial 
scale was for illumination.  
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In today’s terms, coal gasification strictly speaking applies to the partial oxidation of the 
solid coal. We must however take cognisance of the fact that pyrolysis is a fast, 
intermediate step in gasification. 
 
The advent of the Fischer Tropsch process has meant that the products of gasification 
(syngas) are used primarily for the production of hydrocarbons for fuels and the synthesis 
of ammonia, methanol and other related products. A few important processes and units that 
are worth mentioning in development of gasification technologies are: the Winkler fluid-
bed process (1926), the Lurgi moving-bed pressurised gasification process (1931) and the 
Koppers-Totzek entrained-flow process (1940s). 
  
To get an understanding of the technologies, let us briefly discuss each one of them.  
 
Winkler fluid-bed process:  
The Winkler atmospheric fluid-bed process is said to be the first modern continuous 
gasification process using oxygen rather than air as blast. Since the inception of the 
process, 70 reactors have been built and brought into commercial service with a capacity of 
about 20 million Nm3/d (Bögner and Wintrup 1984).  
 
Figure 2.1 shows the plant layout for the Winkler atmospheric fluid-bed gasification 
process. Coal is milled to a particle size below 10mm and the feed is conveyed into the 
gasifier by a screw conveyor and the fluid bed is maintained by the blast which enters the 
reactor via a conical grate at the base. The operating temperature of the reactor for most 
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plants was kept between 950 and 1050oC. The flowsheet incorporates a radiant waste heat 
boiler and a cyclone to remove the ash. Most of these plants have however been shut down 
for economic reasons.  
 
 
Figure 2.1: Winkler Atmospheric Fluid-Bed Gasification (Higman [1]) 
 
Lurgi moving-bed pressurised gasification:  
It is said that the heart of the Lurgi process is in the reactor, in which blast and syngas flow 
upwards in counter-current to the coal feedstock (see Figure 2.2). Coal is loaded from an 
overhead bunker into a lock hopper that is isolated from the reactor during loading, then 
closed, then pressurised with syngas and opened to the reactor. The reactor is a double-
walled pressurised vessel.  
 
The cooling of the reaction wall space is done by the filling of the annular wall space 
between the reactor walls with boiling water, this in turn also generates steam from the heat 
lost through the reactor wall; this steam is generated at a pressure similar to that of the 
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gasification pressure. Figure 2.3 shows the process flowsheet of Lurgi Dry Ash 
Gasification.  
 
 
Figure 2.2: Lurgi Dry Ash Gasifier (Higman [1]) 
 
 
Figure 2.3: Process Flowsheet of Lurgi Dry Ash Gasification (Higman [1]) (Source: Supp 
1990) 
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Koppers-Totzek entrained-flow process:  
Figure 2.4 shows the Koppers-Totzek (KT) entrained-flow process. The KT process was 
developed in the 1950s and units were built in countries like Finland, Greece, Turkey, 
South Africa and Zambia, mainly as a means of manufacturing ammonia. The South 
African unit has been reported to achieve 95% availability (Krupp-Koppers 1996).  
 
Coal and oxygen are introduced into the reactor via side-fired burners. The reactor also 
features a gas outlet and a bottom outlet for the slag. The gas leaving the top of the gasifier 
at about 1500oC is quenched with water near the top of the reactor to a temperature of 
about 900oC so as to ensure that the slag is non-sticky before it enters a water tube syngas 
cooler for the production of steam.  
 
The pressure shell is protected from high temperatures by a steam jacket and this 
transforms a portion of the sensible heat into low-pressure steam in the jacket. The slag is 
quenched and granulated in a water bath at the bottom of the reactor and the water in the 
bath also provides a water seal to avoid gas escaping via the bottom of the reactor. 
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Figure 2.4: Koppers-Totzek Gasifier (Higman [1]) 
 
Electricity generation has however in the past two decades emerged as a large new market 
for gasification technologies. Gasification has managed to change the world’s views on the 
use of coal as an environmentally acceptable source of energy and the use of gasification 
for electricity generation has increased the overall efficiency of converting coal. 
 
A major development that appeared during the 1990s was an upsurge in the gasification of 
heavy oil residues in refineries. There are however immense challenges and pressures on 
oil refineries to move their product slate towards lighter products and reducing sulphur 
emissions both in the production process and products themselves. In countries that depend 
heavily on oil for power generation, it has become essential to introduce gasification 
technologies as a means to de-sulphurise heavy fuel oil. 
 
An additional driving force for the increased use of partial oxidation (gasification) is the 
development of “Gas-to-Liquid” projects, which focused on producing liquid hydrocarbons 
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via Fischer-Tropsch technology. The Texaco Process (1940s) and developments by Shell in 
the early 1950s are typical examples of these “Gas-to-Liquid” projects. Figure 2.5 shows a 
typical Texaco Oil Gasification Flow scheme. These technologies have been dominant in 
the market since that time; however in recent years Lurgi have marketed a third technology 
known as multipurpose gasification (MPG), which was originally developed out of its coal 
gasification process specifically to handle tars produced there. 
 
Certain key features of the three processes are similar; they all use entrained-flow reactors, 
their burners are top-mounted and they have refractory-lined reactor vessels.  
  
 
Figure 2.5: Typical Texaco Oil Gasification Flow Scheme (Higman [1]) 
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2.3 The Kyoto challenge 
Coal currently accounts for approximately 25% of the world energy supplies and 
approximately 40% of the world electricity generation and it is predicted that it will 
continue to play a major role in meeting the world’s increasing energy demands in the 
foreseeable future.  
 
One of the major challenges that the use of coal faces is the considerable emission of CO2, 
SOx and NOx, which are generally accepted as leading causes of climate change and air 
pollution. It is then in the battle to save the planet, that countries signed a worldwide pact 
(Kyoto Protocol) to reduce CO2 emissions.  
 
The task is a daunting one and most countries are struggling to meet the Kyoto Protocol 
(and recently the Copenhagen Accord, 2009) target of significantly reducing CO2 
emissions by the year 2014.  It is with the aim of meeting some of these challenges that 
new combustion processes have been proposed and here we aim to review some of those. 
(i) Jinsheng Wang and Edward J Anthony [2] propose a chemical looping process 
for the clean combustion of solid fuels for electric power or heat generation. 
Their proposed process is based on coal gasification with CO2 to produce CO 
according to the reaction: 
C + CO2 = 2CO 
The CO then reduces CaSO4, which is used as an oxygen carrier, in a separate 
reactor to give CaS and CO2.  
   4CO + CaSO4 = 4CO2 + CaS 
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A portion of the CO2 is recycled for the gasification stage and the rest can be 
sent for sequestration. The CaS is sent to another reactor for oxidation with air 
and to generate heat or power.  
   CaS + 2O2 = CaSO4 
The overall reaction being: 
   2C + 2O2 = 2CO2 
The authors claim that “the overall thermal effect is the same as direct 
combustion, but separation of CO2 and other pollutants, such as sulphur, is 
achieved”. They also claim that “in comparison with conventional chemical-
looping combustion of natural gas, much less water is present in the CO2 
product, and hence the loss of heat energy and corrosion of the fuel – reactor 
system can be reduced”. Figure 2.6 is an illustration of their proposed process. 
 
 
Figure 2.6: A schematic diagram of the proposed chemical looping process (Jinsheng Wang 
and Edward J Anthony [2]) 
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(ii)  Dimitri Gidaspow and Veeraya Jiradilok[3] propose a new concept for 
production of electricity from biomass or coal using molten carbonate fuel cells. 
Their concept involves the feeding of fine coal particles or biomass, for 
sustainable energy future, with steam into the anode compartment of the fuel 
cell in which the waste heat from the fuel cell is used to produce synthesis gas 
which reacts electrochemically. Figure 2.7 is an illustration of their concept. 
 
 
Figure 2.7: Nanoparticle gasifier fuel cell (Gidaspow and Jiradilok [3]) 
 
The proposal is to feed carbon or biomass particles with steam into a molten 
carbonate fuel cell operating at about 600–800oC. In the fuel compartment of 
the fuel cell, water will be split using biomass or carbon nanoparticles, with the 
additional energy supplied by the heat generated by the fuel cell.  
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The idea is that the hydrogen generated will react electrochemically to produce 
current. Unreacted fuel will be burned to maintain the high temperature and to 
provide the carbon dioxide to the cathode of the molten carbonate fuel cell. 
 
The novel idea that the authors propose is to use a storable fuel, carbon or 
biomass nanoparticles. Such a fuel cell battery could be used to power an 
automobile or a tractor without the need of an additional fuel. Nanoparticles 
will be stored in the fuel tank and delivered to the fuel cell with steam or 
carbon dioxide.  
 
The authors showed using CFD calculations that gasification and electricity 
production can be done in the same unit, similarly the production of electricity 
from natural gas with internal reforming using the molten carbonate fuel cell.   
 
They also showed that carbon monoxide will react completely in the fuel cell 
with electrochemical reaction. With no reaction, they also showed that it will 
leave the fuel cell gasifier partially unreacted. Hence, to take full advantage of 
the new concept, carbon monoxide will have to react electrochemically in the 
fuel cell gasifier. 
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2.4 Gasification thermodynamic model review 
A common factor in models that look at predicting or analysing gasification is that they 
usually require some kind of experimental result or access to thermodynamic databases to 
accurately predict the behaviour of a gasifier. Also common among these is that they all 
make assumptions regarding the reactions that occur in a gasifier.  
 
Zainal et al.[4] have selected only two reactions as the main gasification reactions; the first 
reaction resulting from the combination of the Boudouard equilibrium and the 
heterogeneous water gas shift reaction and the second reaction being the hydrogenation 
gasification reaction; while Schuster et al.[5] have selected the water gas shift reaction along 
with the methane decomposition reaction.  
 
According to the thermodynamic theory of independent reaction selection, there is no 
significant difference between the above reported models (Prins [6]). The only point that 
differentiates the equilibrium reactions is that the methane decomposition reaction is 
favoured in the case of steam gasification (high feed moisture content) and not in the case 
of the conventional gasification process. This work uses a similar approach in selecting 
independent reactions that can occur in a coal gasifier. 
 
Various people have developed models for gasification and one of the more significant 
ones is the GasifEq equilibrium model developed by A Mountouris et al. [7, 8] and applied to 
the plasma gasification of sewage sludge. The model includes the energy supplied to the 
25 
 
main section of the plasma gasification process (electricity), the formation of the basic 
gasification gaseous products and the possibility of some remaining solid carbon.  
 
The model also uses the mass balance and energy balance around a gasifier, which is a 
concept that has been used extensively in this thesis. Crucial to their model is the use of 
recent thermodynamic data which also considers the possibility for soot formation, as a 
solid carbon by-product.  
 
The GasifEq model also has the capability of energy and exergy calculations that are 
required for the optimization of such processes. Instead of exergy, in this paper we use the 
idea of a work balance as developed by Patel et al.[9] to better understand the energetic 
performance of a gasifier.  
 
Prins[6] chooses three main reactions in the gasifier and these are the methane 
decomposition reaction, the Boudouard reaction and the heterogeneous gasification 
reaction. The energy conversion process studied is shown in a triangular C-H-O diagram as 
shown in Figure 2.8 below.   
 
26 
 
 
Figure 2.8: Molar triangular diagram indicating A: biomass feed, B: biomass in equilibrium 
with air at carbon boundary, C: biomass in equilibrium with steam of 500K at carbon 
boundary (Prins [6]).  
 
The composition at any point in the diagram can be computed at a given temperature and 
pressure by calculation of the gas phase compositions in equilibrium with solid carbon 
(graphite). 
 
In the triangular diagram, several lines are shown, the so-called carbon deposition 
boundaries. Above the solid carbon boundary, solid carbon exists in heterogeneous 
equilibrium with gaseous components, while below the carbon boundary no solid carbon is 
present. Most hydrocarbon fuels are located above the carbon boundary, which means that 
if these fuels are brought to chemical equilibrium, solid carbon is formed.  
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This implies that in order to avoid solid carbon formation and achieve complete 
gasification, oxygen and/or hydrogen must be added. Oxygen and hydrogen sources are H2, 
H2O, O2, air or CO2. 
 
Mountouris et al. also present a ternary map that represents the carbon deposition in a 
gasifier; we represent this in a stoichiometric subspace defined by the energy and mass 
balance. 
 
An important point in the modeling procedure of gasifiers is whether equilibrium is reached 
in the gasification process, i.e. whether the operating conditions allow the chemical 
reactions to reach an equilibrium state. As far as the gasification temperature is concerned, 
it is stated that equilibrium is not achieved when the gasification temperature is sufficiently 
below 800oC (common gasifiers), while it is reached for higher temperatures like those of 
plasma gasification [10, 11]. 
 
Regarding the other crucial factor relevant to an equilibrium state, that is the residence 
time, Prins et al.[12] reported that for air gasification, the residence time is sufficiently long 
and equilibrium is well verified, while for steam gasification, equilibrium may not reached 
due to the lower operating temperatures. 
 
In addition, Calaminus and Stahlberg[13], based on experimental facts, stated that during 
gasification in the Thermoselect plant, the residence times for the gas phase and also for the 
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molten phases are sufficient for equilibrium to be attained, i.e. for the solids it is about 1–2 
hours and for the gas phase 2–4 seconds at about 1200oC.  
 
Chen et al.[14] claim that in such processes, a significant increase of gas yield is noted 
between 2 and 3 seconds (as a result of a tar cracking reaction), and after that time period, 
equilibrium is assumed to be attained. 
 
Consequently, in this work we have studied gasification based on equilibrium terms in 
order to describe the process and to present its energetic performance in relevance to the 
main operational parameters, e.g. moisture, oxygen, pressure and temperature.  
 
The heart of this work lies in the use of fundamental mass balances, energy balance and 
thermodynamic properties to define a stoichiometric space, within which we can attempt to 
better understand how to operate and optimise gasification processes.  
 
The approach that we follow in this thesis is to initially simplify the description of the 
fundamental processes occurring in gasification as far as possible and to later add other 
phenomena and variables to cater for a more detailed description where and when 
necessary.  
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2.5 Coal-Methane co-gasification review 
Coal and methane co-gasification has been a promising clean coal technology and has been 
widely studied over the last few years. The co-gasification of coal with other less carbon 
containing fuels such as natural gas, coke oven gas, biomass and waste plastics with the aid 
of oxygen and steam has been found to be a promising technology in reducing CO2, SOx 
and NOx emissions and even dealing with high ash content coals. One of the best features 
of this technology is that it greatly enhances fuel flexibility. 
 
Wu et al.[15], studied co-gasification by performing experiments in a laboratory-scale 
fluidised-bed reactor operating at approximately 1000oC using two Chinese coals; a 
bituminous coal (they called it Coal A) and an anthracite (called Coal B). Three 
experiments were carried out on each coal and these were labelled A-1, A-2, A-3 and B-1 
and B-2 respectively. For coal B, each experiment was carried out in treble and this was 
denoted B1-a, B1-b, etc. The fluidised bed reactor was fed with 1.5-2.5 kg/h coal, 0.4-0.5 
Nm3/h methane, 1.45-2.0 Nm3/h oxygen, 0.4 Nm3/h air, and 2.0-2.4 kg/h steam.  
 
It is claimed that up to 90% methane conversion and 70% carbon conversion were 
achieved, and the resulting syngas had a composition of 35%-39% H2, 31%-34% CO, and 
20%-22% CO2, balanced by N2.  
 
For comparison, the results of the gasification of Coal A and Coal B without added 
methane were also reported. These results are said to have proved the feasibility of such an 
integrated coal gasification and methane reforming process.  
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Figure 2.9 (courtesy of Wu et al.) shows the flowsheet of the experimental setup for the 
fluidised bed coal and methane co-gasification system.  The system includes a coal feeding 
device, gas supply and distribution, the fluidised bed reactor, gas cooling and dust removal, 
flow measurement and control equipment. 
 
 
Figure 2.9: Flow sheet of the laboratory-scale fluidized-bed coal and methane co-
conversion system by Wu[15].  
 
Legend is as follows:  
1. Gas cylinders  
2. Gas rotameters  
3. Distilled water tank  
4. Rotameter for water flow rate  
5. Steam generator and mixer 
6. Coal hopper 
7. Screw feeder for metering the coal feed rate  
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8. Pushing feeder 
9. Motor  
10. The reactor  
11. Gas distributor  
12. Ash discharging valve  
13. First ash hopper 
14. Second ash hopper  
15. Cyclone 
16. First fly ash hopper  
17. Second fly ash hopper  
18. Gas cleaner/cooler  
19. Liquid and gas separator  
20. Driving belt 
21. Air compressor. 
 
Table 2.1 presents the proximate and ultimate analysis done on the two coals. The raw coal 
had been crushed to a size fraction of 0-1mm. The experiment can be described as a two-
stage gasification process, with the first phase being oxygen/steam blown gasification and 
the second phase being the introduction of methane. 
 
During the experiment, the reactor is pre-heated under the protection of a N2 blanket and at 
the same time, the steam evaporator is preheated. Once the desired reactor temperature is 
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reached, the protective N2 flow is switched to air and the steam flow is activated and 
simultaneously, the coal feeding system is started.   
 
 
Table 2.1: Coal Analysis Data from Wu[15]. 
 
The reactor temperature is increased gradually by adjusting the flow rates of coal, air and 
steam. This is done until the reactor temperature reaches approximately 900oC and the 
material inventory in the bed reaches approximately 1kg, then the electrical heating is 
switched off. The system is kept at a steady temperature for approximately 30 minutes and 
then the oxygen feed is switched on, to replace the air. This is the oxygen/steam blown 
gasification phase of the experiment. 
 
After the oxygen/steam blown gasification phase has run for approximately 1-2 hours in 
steady state, methane (CH4) is introduced into the system through the ash discharging pipe 
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at the bottom of the reactor. The operating parameters are then adjusted to keep the 
temperature constant and after the system reaches steady state, data can then be collected. 
Table 2.2 and Table 2.3 present the typical gasification and co-gasification experiment 
results for Coal A respectively. 
 
 
Table 2.2: Typical Results of Coal Gasification when Coal A is used (Wu[15]) 
 
 
Table 2.3: Typical Results of Combined Coal Gasification and Methane Reforming when 
Coal A is used (Wu[15]). 
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Table 2.4 and Table 2.5 present the typical gasification and co-gasification experiment 
results for Coal B respectively. 
 
 
Table 2.4: Typical Results of Coal Gasification when Coal B is used (Wu[15]). 
 
 
Table 2.5: Typical results of combined coal gasification and methane reforming when Coal 
B is used (Wu[15]). 
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The experiments proved that the concept of combined coal gasification and coal-bed 
methane reforming is feasible and that significantly higher methane conversions were 
achieved with a favourable quality of syngas being produced. The methane conversions 
were found to be up to 90% and 78% for Coal A and Coal B respectively. 
 
Hao et al. [16] conducted their study of co-gasification using the ASPEN Plus process 
simulator. They compared their results with laboratory scale experimental measurements 
and they showed that the developed model reasonably describes the thermodynamic 
features of the co-gasification process and thus provides a useful tool for the analysis of 
this process.  
 
Their results also showed that the co-gasification process provides an ideal thermodynamic 
condition for the co-gasification reactions and can operate at a quasi-equilibrium condition 
without employing catalysts at 1000oC. 
 
At the core of this co-gasification technology is a shaft furnace type gasifier, which can be 
established by restructuring a blast furnace or similar shaft furnace. The advantages of the 
proposed technology are that it is offers excellent fuel flexibility. It is of low capital costs 
and great engineering availability since the new gasifier can be reconstructed from an 
existing blast furnace. It is also environmentally friendly.  
 
Figure 2.10 depicts a schematic diagram of the conceptually designed gasifier, which is the 
core of the proposed co-gasification technology. The gasifier is a shaft furnace type reactor, 
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derived from a blast furnace or similar shaft furnace, in which a packed coke bed is formed. 
It can be divided into three functional zones, which are a gasification zone in the packed 
coke bed, a lower combustion zone below the packed coke bed and an upper combustion 
zone on the top of the packed coke bed. 
 
As a blast furnace, the gasifier is charged at the top in a conventional manner with the 
mixture of solid carbonaceous material, which can be coal or coke, and slag producing 
material, such as limestone. By adding the slag producing material, it is possible to 
desulphurise the produced syngas in the gasifier and to control the composition of the slag 
phase that determines the smelting characteristics of the slag. 
 
 
Figure 2.10: Schematic diagram of the conceptual gasifier by Hao[16]. 
 
Figure 2.11 and Figure 2.12 present the ASPEN Plus flow chart of the model and the 
schematic diagram of the laboratory scale experimental system respectively. 
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Figure 2.11: The flow chart of the model by Hao[16]. 
 
 
 
 
Figure 2.12: Schematic diagram of the laboratory scale experimental system by Hao[16]. 
 
To demonstrate the validity of the developed model, the syngas composition obtained from 
the model was compared with that from the experimental studies at various operating 
conditions using coke and natural gas. 
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A sensitivity analysis showed that: 
a. The concentrations of H2 and O2 in the syngas are increased with an increase in the 
flow of feed oxygen until an O2/fuel ratio of around 0.60-0.70, while the CH4 
concentration decreased. It was however found that there is an inversion of this 
trend for the H2 concentration and only a slight change in CO concentration when 
the O2/fuel ratio is above the 0.60 to 0.70 range. This showed that there exists an 
optimum region for the O2/fuel ratio where the CH4 concentration reaches nearly 
zero. 
b.  An increase in the steam flow rate leads to a moderate reduction of the H2 and CO 
concentrations. 
c. The concentration of H2 in increases proportionally with an increase in the flow rate 
of natural gas when the natural gas/fuel ratio is below 0.65 while the CO 
concentration shows a slight increase. The concentration of CH4 appears to increase 
when the natural gas/fuel ratio is above 0.65. This shows that there is an optimum 
natural gas/fuel ratio where the concentrations of H2 and CO reach their maximum 
values and natural gas will be completely converted. 
The simulation results were found to be in good agreement with the laboratory scale 
experimental data and this indicates that the co-gasification process provides an ideal 
thermodynamic condition for the gasification reactions and can operate at quasi-
equilibrium conditions without the use of catalysts.  
 
Similar to Wu’s work, Guo et al.[17] did their investigation by coupling coal gasification 
with natural gas autothermal re-forming and they managed to control the H2/CO ratio in the 
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range of 1.0-2.0, using a moving bed reactor. They also investigated the effects of H2O, 
CH4 and O2 on the syngas composition.  
 
It was found from their study (similar result to that achieved by Wu et al.) that H2 and CO 
constituted about 90% of the syngas and that the residual methane was less than 2%.  
Figure 2.13 presents the conceptual structure of the gasifier used by Guo, which is very 
similar to that used by Wu [15] and Hao [16].  
 
Figure 2.13: Conceptual structure of the gasifying furnace for synthesis gas by Guo[17]. 
 
Legend is as follows: 
(A) Coal dry distillation zone 
(B) Coke gasification zone 
(C) Flame zone  
(1) Synthesis gas 
(2) Outlet tube of synthesis gas 
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(3) Outlet of low-pressure steam 
(4) Jacket of water cooling 
(5) Heat-preservation material and heat-resistant lining 
(6) Inlet of natural gas, oxygen and steam 
(7) Inlet of cooling water 
(8) Melt slag 
(9) Outlet of melt slag 
(10) Flame 
(11) Coal or coke 
(12) Shell of gasifying furnace 
(13) Vessel of coal and limestone storage. 
 
In a later study, Guo et al.[18] used a moving bed reactor in experiments similar to their 
previous work, to produce synthesis gas by coal and natural gas co-conversion. They 
investigated the effects of coal types on: 
(a)  The temperature in the flame zone 
(b)  The ingredients and the H2/CO ratio of synthesis gas 
(c) The methane and steam conversions 
 
The authors investigated these effects by using coke, anthracite, lean and fat coals as the 
raw materials. 
 
 Figure 2.14 presents the schematic flow sheet of the experimental setup.  
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Figure 2.14: The schematic flow sheet of the experimental setup by Guo[18]. 
 
A tubular electric furnace made of silicon carbide was used to heat and maintain the 
gasifying furnace at the required temperature. The temperature in the flame zone was 
monitored by six platinum platinum–rhodium thermocouples, which were placed inside 
three quartz thermocouple wells.  The thermocouples were equally spaced in 100 mm 
intervals from the oxygen nozzle (the height of flame zone) and were located at a radial 
distance of 20 mm from the reactor centreline.  
 
The temperature at the outlet of crude synthesis gas was monitored by a platinum–rhodium 
thermocouple and kept about 1000 °C.  
 
In all the experiments, the flow rates of natural gas and oxygen were regulated using mass 
flow controllers. The flow rate of water was controlled by high precision syringe pump, 
and then the steam of about 300 °C was blown into the furnace with oxygen.  
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The crude synthesis gas from the gasifying furnace was collected through a filter and 
analysed by gas chromatography. The analysis of H2, O2, N2, CO and CH4 were conducted 
at 50 °C with argon as carrier gas, and a column packed with 13× granular molecular sieve 
was used.  
 
The analysis of CO2, C2H4 and C2H6 were conducted at 70 °C with argon as carrier gas, 
and a 2 m column packed with Porapak Q molecular sieve was used. 
 
The experimental procedure was as follows: 
(a) The coke (40 kg) or coal (50 kg) is added into the gasifying furnace to the designed 
stock height of 1700 mm.  
(b) After examining the gas tightness of the whole system, the temperature program is 
initiated. 
(c) The temperature of the furnace is raised to 1050 °C with a heating rate of 2 °C/min. 
The coal is transformed into semi-coke or coke during the heating process.  
(d) When the temperature has remained constant at 1050 °C for 1 h, natural gas, 
oxygen and steam are blown in.  
(e) The flow rates of the outlet gas are measured by using a wet flow meter.  
(f) The whole system is considered stable when the monitored temperature fluctuates 
in a range of ± 3 °C and then gas samples are taken and the corresponding 
temperatures recorded.  
(g) These samples are then collected in glass bulb units for later analysis. 
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Figure 2.15 and Figure 2.16 present the experimental results of the investigation of the 
effect of the coal types on the temperature in the flame zone and on the composition of 
synthesis gas respectively. 
 
 
 
Figure 2.15: Effect of the coal types on the temperature in the flame zone Guo[18]. 
 
By looking at Figure 2.15 and Figure 2.16 and comparing the results between coals and 
coke, the authors concluded that the temperatures in the flame zone and the content of the 
active compounds (H2, CO) of coals are higher than those of coke.  
 
In addition, the H2/CO ratio of synthesis gas closes in to the calculated value by 
thermodynamic equilibrium.  This is a very important observation that the authors of 
this paper have made, as the bulk of the work contained in this thesis assumes that the 
gasifiers are at or close to equilibrium. 
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Figure 2.16: Effect of the coal types on the composition of synthesis gas Guo[18].. 
 
Figure 2.17 presents the results of the investigation of the effect of coal types on the 
methane and steam conversion. It can be concluded by looking at Figure 2.17 that the 
methane conversion is always higher than steam conversion for all the types of coal 
investigated and at any CH4/O2 ratio. 
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Figure 2.17: Effect of the coal types on the methane and steam conversion rates Guo[18]. 
 
The overall conclusion that can be drawn from this study is that for crude synthesis gas 
produced by coal and natural gas co-conversion, in which the H2/CO ratio varies in 1.0–
2.0, the content of the active compounds (H2, CO) was found to be more than 92%, and the 
residual methane to be less than 2%, the methane and steam conversion rates were more 
than 90% and 75%, respectively.  
 
These results again demonstrate that the concept of coal and natural gas co-conversion 
process is positive and feasible.  
 
 
 
46 
 
2.6 References 
[1] Higman C, van der Burgt MJ. Gasification. USA: Gulf Professional Publishers; 2003. 
[2] Wang J, Anthony Edward J. Clean combustion of solid fuels. Applied Energy 85 
(2008); 73 – 79.  
[3] Gidaspow D, Jiradilok V. Nanoparticle gasifier fuel cell for sustainable energy future. 
Journal of Power Sources 166 (2007); 400 – 410. 
[4] Zainal ZA, Ali R, Lean CH, Seetharamu KN. Prediction of the performance of a 
downdraft gasifier using equilibrium modelling for different biomass materials. Energy 
Conversion and Management 42 (2001); 1499–1515. 
[5] Schuster G, Loffler G, Weigl K, Hofbauer H. Biomass steam gasification—an extensive 
parametric modelling study. Bioresource Technology 77 (2001); 71–9. 
[6] Prins MJ. Thermodynamic analysis of biomass gasification and torrefaction.  
Eindhoven : Technische Universiteit Eindhoven, 2005. 
[7] Mountouris A, E. Voutsas E, D. Tassios D. Solid waste plasma gasification: 
Equilibrium model development and exergy analysis. Energy Conversion and Management 
47 (2006); 1723–1737. 
[8] Mountouris A, E. Voutsas E, D. Tassios D. Plasma gasification of sewage sludge: 
Process development and energy optimization. Energy Conversion and Management 49 
(2008); 2264–2271. 
[9] Patel B, Hildebrandt D, Glasser D, Hausberger B. Thermodynamics Analysis of 
Processes. 1. Implication of Work Integration. Ind. Eng. Chem. Res. 44 (2005); 3529-3537. 
47 
 
[10] Altafini CR, Wander PR, Barreto RM. Prediction of the working parameters of a wood 
waste gasifier through an equilibrium model. Energy Conversion and Management 44 
(2003); 2763–77. 
[11] Mathieu P, Dubuisson R. Performance analysis of a biomass gasifier. Energy 
Conversion and Management 43 (2002); 1291–9. 
[12] Prins MJ, Ptasinski KJ, Janssen FJJG. Thermodynamics of gas-char reactions: first and 
second law analysis. Chem Eng Science 58 (2003); 1003–11. 
[13] Calaminus B, Stahlberg R. Continuous in-line gasification/vitrification process for 
thermal waste treatment: process technology and current status project. Waste Management 
18 (1998); 547–56. 
[14] Chen G, Andries J, Luo Z, Spliethoff H. Biomass pyrolysis/gasification for product 
gas production: The overall investigation of parametric effects. Energy Conversion and 
Management 44 (2003); 1875–84. 
[15] Jinhu Wu, Yitian Fang, Yang Wang. Combined Coal Gasification and Methane 
Reforming for Production of Syngas in a Fluidized-Bed Reactor. Energy & Fuels 19 
(2005); 512-16. 
[16] Zhao Yuehong, Wen Hao, Xu Zhihong. Conceptual design and simulation study of a 
co-gasification technology. Energy Conversion and Management 47 (2006); 1416-28. 
 [17] Zhaobin Ouyang, Zhancheng Guo; Dongping Duan, Xueping Song, Xianpu Yu. 
Experimental Study of Coal Gasification Coupling with Natural Gas Autothermal Re-
Forming for Synthesis Gas Production Ind. Eng. Chem. Res. 44 (2005); 279-84. 
48 
 
[18] Zhaobin Ouyang, Zhancheng Guo; Dongping Duan, Xueping Song, Zhi Wang. 
Experimental study of synthesis gas production by coal and natural gas co-conversion 
process Fuel Processing Technology 87 (2006); 599–604. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
49 
 
CHAPTER 3: Mass Balances 
_________________________________________________________________________ 
3.1 Introduction 
Due to its complexity, coal gasification is perhaps one of industry’s least understood 
processes. This is despite the fact that this process is critical to countries such as South 
Africa, as it is responsible for producing a large portion of the country’s fuel needs through 
the Fischer-Tropsch process. Worldwide, this process has also become critical for 
applications such as IGCC, for the production of electricity. It is because of this importance 
that it is necessary to better understand this process. Another motivating factor is that 
gasifiers are very expensive and are big energy consumers as well as being large carbon 
dioxide producers.  
 
Much experimental work has been done in the area of gasification, but this can be very 
expensive and is time consuming. It is with this in mind, that we have developed a quick, 
relatively simple and yet very powerful graphical tool to assess and better understand 
gasification and to use this tool to look for opportunities to improve efficiencies of process 
and to reduce carbon dioxide emissions.  
 
The approach used here is to make a few reasonable assumptions to set up mass balances; 
the energy balance and reaction equilibria around a coal gasifier. This chapter deals with 
how the mass balances can be set up and we also look at what effect the feed composition 
may have on the possible gasifier product. We define a stoichiometric subspace defined by 
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mass balance and explore what implications the mass balance space has, for the design and 
operation of these units. 
 
 
3.2 Gasifier operating region as defined by the mass balance 
Degrees of Freedom for the mass balance: Defining the independent Mass Balances 
It is known that there are a large number of reactions that can occur in a gasifier but we will 
look at the most important of these in terms of mass, heat and work flows.  
In terms of the mass balance, the major species in the gasifier in the feed stream are C, O2 
and H2O, while the major species in the product streams are CO2, CO, H2 and H2O.   
If we analyse the system we see that we have 6 species and 3 elements (C, H and O) and 
this means that we have three degrees of freedom; in other words, we require 3 independent 
mass balances to relate the gasifier inputs and outputs and completely define our system.   
 
These three mass balances do not need to describe the actual chemistry or reactions 
occurring in the gasifier but are merely mathematical descriptions.  In essence the mass 
balances we choose are independent dimensions of the stoichiometric subspace and are a 
convenient way of relating inputs and outputs from the gasifier.    
 
The first independent mass balance we consider is the combustion reaction, namely 
3.1. C + O2 = CO2 
We assume that coal is pure carbon (which is a not particularly good assumption), but we 
can adapt this description if we have a chemical analysis of a specific coal.  We can 
reasonably assume that this reaction goes nearly to completion and provides the energy 
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necessary for the other gasification reactions. Thus the extent of this reaction is essentially 
equal to the amount of O2 that is fed to the gasifier. 
 
The second independent mass balance we use is a gasification reaction, that is: 
3.2. C + H2O = CO + H2. ………………ε1 
This reaction may not occur to completion and we define the extent of the reaction/mass 
balance to be ε1. 
 
The third and final independent mass balance is the water gas shift reaction or: 
3.3. CO + H2O = CO2 + H2      ……………….ε2 
This reaction will also not occur to completion and we define the extent of this reaction to 
be ε2. 
 
Although we have three independent reactions and hence a three dimensional mass balance 
space, we have by the assumption that the first reaction, the combustion reaction, goes to 
completion; effectively reduced the dimension of the space that we work in to a two 
dimensional space.   
 
The other reactions that may be possible and will be considered later are: 
3.4. 2CO = C + CO2 
3.5. CO + H2 = C + H2O 
3.6. CO2 + 2H2 = C + 2H2O 
3.7. CO + 3H2 = CH4 + H2O 
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3.8. CO2 + 4H2 = CH4 + 2H2O        
 
Hence we can represent all outputs for the gasifier for a given feed in a two dimensional 
space and in this way we are able to use a graphical approach and visualize the set of all 
possible outputs from a gasifier.   
 
The reactions in the gasifier occur in many different combinations and amounts.  However 
we are limited by the constraint that all the reactions must occur so that the compositions of 
all species in the gasifier must always be positive. 
 
We will consider a continuous gasifier and we will define the feed to the gasifier to be NO2o 
moles of oxygen per time, NCo moles of carbon per time and NH2Oo moles of water or 
steam.  In the case of a batch gasifier, these would be number of moles rather than molar 
flowrate.  
 
We now consider our first reaction, namely combustion and say that as the reaction goes to 
completion, we can consider from the mass balance point of view that  the oxygen in the 
feed is converted to carbon dioxide and that this could be considered as a carbon dioxide 
feed to the gasifier, or:   
00
22 OCO NN =                                                                    (3.9) 
We can now write the conditions that will ensure that the molar flowrate of all the species 
in the gasifier remain positive. 
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Note that we have made the moles of CO2 in the feed equal to the moles of oxygen in the 
feed. This is because of the initial assumption that we made and that is, reaction 3.1 goes to 
completion. 
 
We first consider the number of moles of CO (NCO), and we can say that the initial number 
of moles of CO in the gasifier is zero (NCO0 = 0), as we do not usually feed CO in to the 
gasifier and the mass balance on CO then can be written as: 
021 ≥−= εεCON                                                            (3.10) 
If we graphically represent equation (3.10), we can see that it is a straight line in the ε1- ε2 
space, where the slope is 1 and the intercept is at zero and this can be seen in Figure 3.1.  
 
There are a few things to point out from this result and those are: 
(a) The slope of the line is fixed and does not depend on the feed composition. 
(b) Only points that lie below the line correspond to positive moles of CO and if we 
operate the gasifier on or very close to this line we then run out of CO and that 
means that there will be very little CO in the product gas.  
(c) The further away we are from the NCO =0 line, the more CO we have and that 
means that the dominant reaction away from this line is reaction 3.2. 
 
We now look at the remaining reactions in our defined system. 
0
0
0
21
0
2
0
21
22
22
2
≥−−=
≥+=
≥+=
εε
ε
εε
OHOH
COCO
H
NN
NN
N
                                                       (3.12) 
(3.11) 
(3.13) 
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The same principle applies to the other equations and the resultant of that is equation 3.11 
through to equation 3.13. We have then plotted these on Figure 3.2 for NCO20=1 and 
NH2O0=1 and Figure 3.2 then shows the resultant mass balance lines. Anywhere on each of 
the lines we have NH2=0, NCO2=0 and NH2O=0 respectively.  
 
We can then summarise the result as follows: 
For equation 3.13, only points that lie above the H2 =0 line correspond to positive moles of 
H2 and the further away we are from this line, the more H2 we produce (reaction 3.2 is 
dominant again and maybe reaction 3.3 as well but this we will explore later). Similarly for 
equation 3.12, only points that lie above the CO2 = 0 line correspond to positive moles of 
CO2.  
 
The mathematical result of equation 3.12, also tells us that the further you are away from 
the CO2 = 0 line, the more CO2 you have in the system. This would suggest that equation 
3.3 is dominant, and this would suggest that we have less CO in the system. 
 
When we look at the previous results however, this leads us to conclude that quite clearly, 
reaction 3.2 and reaction 3.3 are competing. In summary, the more CO you produce, the 
less CO2 you produce. 
 
For equation 3.13, we can conclude that only points that lie below the H2O=0 line will 
correspond to positive moles of H2O and that the further we are from this line the more 
water we will produce. We can therefore come to the conclusion that the mass balance tells 
us that the gasification process will only occur within the shaded area A and if we want to 
design a gasifier that produces as much CO
to the CO = 0 and the H2O = 0 lines as we can in the 
 
This means we have to consider the intersection of these two lines as the ideal position for 
our operation. 
 
Figure 3.1: CO Mass balance 
 
Nco = 0
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2 as possible, we would have to operate as close 
ε1- ε2 space.  
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Figure 3.2: Overall mass balance with a gasifier feed of (NH2O0 = 1 and NO20 = 1) 
 
The most important feature to highlight from the mass balance lines is that the NH2O=0 and 
NH2 = 0 lines are parallel and the NCO2=0 is always horizontal. For all the lines it is evident 
that their slopes do not change and the only thing that changes is their intercepts depending 
on how the feed is varied.  
 
 
3.3 Effect of changing feed composition on the mass balance region 
We now need to answer the question: how does changing the feed composition affect the 
operating region as defined by the mass balance? 
 
We can answer this question by looking at what happens when we plot equations 3.9 
through to 3.13 using different feed compositions.  
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We must appreciate however the fact that the only thing that we can change in the feed in 
terms of species is the amount of steam and the amount of oxygen that is fed into the 
gasifier, we cannot change the CO and H2 in the feed as these are gasifier products and 
typically not a variable. 
 
3.3.1 Changing the amount of steam 
We now take a closer look at what happens to our mass balance region as we vary the feed 
composition. If we keep the amount of oxygen that is fed into the gasifier and we increase 
the amount of steam that is fed in; our mass balance plot looks like Figure 3.3 in the ε1- ε2 
space. 
 
We can conclude from looking at Figure 3.3 that increasing the amount of steam that is 
fed into the gasifier expands the possible region of operation for the gasifier. This 
would then suggest that if one wants to increase the overall conversion ε1, then all that 
needs to be done is to increase the amount of water fed in to the gasifier; this does 
however have its own limitations and we will discuss this later. 
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Figure 3.3: The effect of changing the amount of steam fed into the gasifier (Feed is 0.5 
mol O2, NH2O0 is varied from 1 mol to 1.5 mol)  
 
 
3.3.2 Changing the amount of oxygen 
We now take a look at what impact that changing the amount of oxygen has on the 
operating region. We explore this by looking at what happens if as an example we increase 
the amount of oxygen fed into the gasifier from 0.5 moles to 1 mole and we plotted this on 
Figure 3.4. 
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Figure 3.4: Effect of changing the amount of oxygen fed into the gasifier (NO20 is varied 
from 0.5 mol O2 to 1.0 mol O2, NH2O0 is varied from 1 mol to 1.5 mol).  
 
We can clearly see from Figure 3.4 that increasing the amount of oxygen fed into the 
gasifier also has the effect of increasing the possible area of operation but this also has its 
drawbacks and we will discuss this further when we look at energy balance issues.  
 
Looking at Section 3.3.1 and Section 3.3.2, we can surmise that the mass balance tells us 
that in order to maximise our possible region of gasification, we should maximise the 
amount of steam and oxygen that is fed into the gasifier. This of course as already 
mentioned has its downfalls, which will be looked at later. 
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3.4 Conclusions 
We have shown that we can define a mathematical sub-space based on the mass balance 
around a gasifier and this mathematical space allows us to: 
• Identify all the species involved in gasification. 
• Identify the independent reactions in a gasifier, which have the most impact in 
terms of the actual gasification process. 
• From a mass balance point of view, we are able to identify the possible products 
from a gasifier. 
• We are able to identify the impact of various variables such as the oxygen feed, on 
the syngas composition. 
The identification of the mathematical space has an impact on the field of Process 
Synthesis in that: 
• The time spent on reactor design can be significantly reduced as we can now make 
quick calculations and decisions without the need for comprehensive experimental 
data. 
• Decisions on feed composition can be made early and quickly, as we can quickly 
establish the impact of this, on the possible syngas composition. 
• We can in essence, start making decisions on reactor sizes and further downstream 
process flowsheets, based purely on the fundamental principle of the mass balance, 
applied to the gasifier. 
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CHAPTER 4: Graphical representation of Partial Pressure 
_____________________________________________________________________ 
4.1 Introduction 
We would now like to investigate how we can graphically represent the partial pressures of 
each of the components and investigate what effect if any; the partial pressures will have on 
the extent of gasification. For any mixture, we can write the partial pressure of a 
component A in the mixture as: 
PxP AA *=       (4.1) 
where PA is the partial pressure of A, xA is the molar fraction of component A in the 
mixture and P is the total pressure of the system. 
 
The molar fraction xA can be written as: 
T
A
A N
N
x =       (4.2) 
where NA is the number of moles of component A and NT is the total number of moles of all 
the species in the system.  
 
Substituting equation 4.2 into equation 4.1, we can thus write the partial pressure of 
component A as: 
 
A
A
T
NP P
N
=          (4.3) 
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We now look at relating the partial pressures of the components to the reaction extents as 
defined in Section 1 and we do this by substituting equation (3.10) through to equation 
(3.13) into equation 4.3 for each component. 
 
The total number of moles (NT) for our system can be expressed as: 
NT = NH2O0 + NCO20 + 1ε      (4.4) 
 
 
4.2 Partial pressure of hydrogen 
Using equation 4.3 and equation (3.11) we can write the partial pressure of hydrogen as: 
2
2 2
1 2
0 0
1
H
H O CO
P P
N N
ε ε
ε
+
=
+ +
                           (4.5) 
 
When we rearrange equation 4.5 to a form that can be solved numerically for different 
partial pressures of hydrogen we obtain: 
 
P
NNP
P
PP COOHHH )()( 001
2
2222
+
+
−
=
ε
ε
        (4.6) 
 
We again as in Section 3.2; set both NH2O0 and NCO20 to a value of 1 and we are now able to 
graphically represent the partial pressure of hydrogen in Figure 4.1. Equation 4.6 tells us 
that the result should be straight lines and the slope and intercept should change depending 
on the chosen partial pressure and total pressure of the system.  
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What equation 4.5 also means is that for a given feed composition, if P and PH2 are fixed, 
then all outputs with that PH2, will be in line in the ε1-ε2 mathematical space. 
 
We see that this is true if we look at Figure 4.1, which shows how various partial pressure 
lines of hydrogen fit into the mass balance region and we can interpret the result as follows: 
 
Figure 4.1: Hydrogen partial pressure (feed specified as 1mol H2O, 1mol O2 and P set at 30 
bar). 
 
(i) The partial pressure of hydrogen increases in the same direction as the mass 
balance lines for increasing amounts of hydrogen. This result was expected 
because if we look at equation 4.5 and we increase ε1 and ε2, one would expect 
the partial pressure of hydrogen (PH2) to increase. 
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(ii) We can view the result as contour lines of partial pressures in the mass balance 
region. 
(iii) We can now use the above result as an easy way of determining the partial 
pressure of hydrogen if we know the reaction extents ε1 and ε2, without having 
to calculate it. 
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4.3 Partial pressure of CO 
Similar to the hydrogen case, we can use equation 4.3 and equation (3.10) to write an 
expression for the partial pressure of CO: 
2 2
1 2
0 0
1
CO
H O CO
P P
N N
ε ε
ε
−
=
+ +
           (4.7) 
 
This can then be simplified to: 
P
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      (4.8) 
 
Equation 4.8 can then be plotted as shown on Figure 4.2, which shows how various partial 
pressure lines of CO fit into the mass balance region and we can interpret the result as 
follows: 
 
 
Figure 4.2: CO partial pressure (feed specified as 1mol H2O, 1mol O2 and P set at 30 bar). 
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(i) The partial pressure of CO increases in the same direction as the mass balance 
lines for increasing amounts of CO. This result was expected because if we look 
at equation 4.7 and we increase ε1 and decrease ε2, one would expect the partial 
pressure of CO (PCO) to increase. 
(ii) We can now also use the above result as an easy way of determining the partial 
pressure of CO if we know the reaction extents ε1 and ε2. 
 
 
4.4 Partial pressure of H2O 
As with the other components above, the partial pressure of H2O can be written from 
equation 11 and equation (v) as: 
2
2
2 2
0
1 2
0 0
1
H O
H O
H O CO
N
P P
N N
ε ε
ε
− −
=
+ +
                     (4.9) 
 
and this can be rewritten as: 
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We are now able to plot equation 4.10 as shown on Figure 4.3, which shows how various 
partial pressure lines of H2O fit into the mass balance region and the result can be 
interpreted as follows: 
 
67 
 
A conclusion similar to those in Section 2.1 and Section 2.2 can be reached by looking at 
Figure 4.3. 
(i) The partial pressure of H2O increases in the same direction as the mass balance 
lines for increasing amounts of H2O (not to be confused with increasing the 
NH2O0 value). This result was expected because if we look at equation 16 and we 
decrease ε1 and ε2, one would expect the partial pressure of H2O (PH2O) to 
increase. 
(ii) We can now also use the above result as an easy way of determining the partial 
pressure of H2O if we know the reaction extents ε1 and ε2. 
 
 
Figure 4.3: Contour lines for H2O partial pressures (feed specified as 1mol H2O, 1mol O2 
and P set at 30 bar). 
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4.5 Partial pressure of CO2 
The final component that we get to investigate is the partial pressure of CO2 and it can be 
worked out in a similar manner to those in the preceding sections. This can be written from 
equation 11 and equation (iv) as: 
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and this can be rewritten as: 
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We are now able to plot equation 4.12 as shown on Figure 4.4, which shows how various 
partial pressure lines of CO2 fit into the mass balance region and the result can be 
interpreted as follows: 
 
A conclusion similar to those in the above sections can be reached by looking at Figure 4.4. 
(i) The partial pressure of CO2 increases in the same direction as the mass balance 
lines for increasing amounts of CO2 (again this is not to be confused with 
increasing the NCO20 value). This result was expected because if we look at 
equation 4.11 and we increase ε2, one would expect the partial pressure of CO2 
(PCO2) to increase. 
(ii) We can now also use the above result as an easy way of determining the partial 
pressure of CO2 if we know the reaction extents ε1 and ε2. 
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Figure 4.4: Contour lines for CO2 partial pressures (feed specified as 1mol H2O, 1mol O2 
and P set at 30 bar). 
 
If we now look at the overall picture of the contour lines we see that it is a map that allows 
us to pinpoint what the respective partial pressure of each of the components is; at any 
point in the ε1-ε2 space.   
 
Figure 4.5 is a representation of the contour map and it is important to note that at any point 
where the different lines meet; the partial pressures of the components add up to the total 
pressure of the system and this of course should be the case, from the definition of partial 
pressure. 
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Figure 4.5: Contour map showing overall partial pressure lines (feed specified as 1mol H2O, 1mol O2 and P set at 30 bar). 
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4.6 Conclusions 
With being able to graphically represent the partial pressures of components in the ε1-ε2 
mathematical space, the design engineer is able to make decisions on the operating pressure of the 
gasifier. The design engineer is also able to determine the partial pressure of each of the components 
in the syngas and can hence make decisions on the size of separation equipment downstream. 
 
Being able to make decisions on the operating pressure of the gasifier, the design engineer is able to: 
• Get important information on the possible size of the gasifier, early on in the design stages. 
• Early on in the design process, we can now start thinking about the possible materials of 
construction, based on the decisions on the operating pressure. 
• The flowsheet is influenced by the operating pressure and we can now start making decisions 
on downstream process equipment and pipe-sizing.  
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CHAPTER 5: Graphical Representation of the Energy Balance 
_________________________________________________________________________ 
5.1 Introduction 
As we have seen in Section 3, the mass balance tells us of the possible region of gasification but in 
order to get a more realistic picture we also need to consider the energy balance. By doing this we 
wish to establish whether the gasification reactions are mass or energy limited.  
 
To set up the energy balance for the system we once again consider the independent mass balances 
as set out in Section 3 or we can consider that the main species in the feed are: H2O, C and O2, and 
the main species in the product gas are: H2O, CO, CO2 and H2, (the result is exactly the same) we 
can do an energy balance across the gasifier: 
 
3.1. C + O2 = CO2 
3.2. C + H2O = CO + H2. ………………ε1 
3.3. CO + H2O = CO2 + H2.      ………………ε2 
 
We will consider the following cases: 
(i) ∆H = 0 (with Tin = Tout @ 298 K) (Adiabatic gasifier) 
(ii) ∆G = 0 (with Tin = Tout @ 298 K) (Reversible gasifier)  
(iii) ∆H = Q (Gasifier with heat losses) 
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5.2 The Reversibility of gasifiers 
Consider that we have a gasifier where the feed and products enter and leave the gasifier at a 
temperature and pressure To and Po respectively. 
 
We transfer a quantity Q of heat into (Q>0) or out of the gasifier (Q<0) and this heat transfer occurs 
at temperature T*. 
 
                  Ni1o,To, Po         Ni2,To, Po 
                       Q (T*) 
 
If we denote the feed stream as 1 and the product as 2, the variables are defined as: 
Ni1o = number of moles of component i in the feed 
Ni2 = number of moles of component i in the product gas 
Q (T*) = amount of heat added or removed from the gasifier at temperature T* 
To and Po = temperature and pressure of the inlet and outlet streams 
 
An energy balance across the gasifier yields: 
H1 + Q = H2            (5.1) 
 
Where H1 and H2 are the enthalpies of stream 1 and stream 2 respectively. 
From thermodynamics, for an isothermal reversible reaction the change in entropy can be defined as: 
∆S = ∆H/T                           (5.2) 
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Therefore equation 5.1 can be written in terms of entropy: 
Scorr + S1 + Q/T* = S2            (5.3) 
 
Where S1 and S2 correspond to the entropy of stream 1 and stream 2 and Scorr is the residual entropy 
between the process and the environment. 
Therefore: 
    G1 = H1 – ToS1 = (H2 – Q) – To (S2 – Q/T*) – Scorr                     (5.4)  
 
Further manipulation of equation 5.4 yields:  
G1 = G2 + Q [To/T* - 1] + ToScorr                                   (5.5) 
 
If we consider that putting in or removing heat Q from the process is actually adding or removing 
work from the process, we can replace the ToScorr term in equation 5 with a ‘work equivalent’ term 
Wcorr, and rewrite equation 5.5 in terms of work:  
 
∆G = -Wcorr + ∆H (1 – To/T*)                                        (5.6) 
 
Where Wcorr is the amount of work lost from the gasifier. 
 
If we assume that T* is the gasifier operating temperature, say 1200oC. We can thus quantify the 
amount of lost work (-Wcorr) from the gasifier, if we know the feed or output compositions.  
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5.3 ∆H = 0 
Jarungthammachote [1] and Zainal [2] used an equilibrium model based on the equilibrium constant. 
The case where ∆H = 0 cross a gasifier is a highly idealised adiabatic case where the temperature of 
the exit and incoming gases is the same at ambient. It is also assumed that there are no energy losses 
from the gasifier. We can set up the energy balance using reactions 3.1 to 3.3 and also using the 
reaction extents as set out in Section 3 and this results in equation 5.7 set out below: 
 
Where: 
NCO20 = initial number of moles of oxygen/CO2 fed into the gasifier. 
Hofc     = standard enthalpy of formation of carbon, which is assumed to be equal to zero.  
Hofo2     = standard enthalpy of formation of O2, which is also assumed to be equal to zero. 
Hofco2  = standard enthalpy of formation of CO2. 
Hofh2   = standard enthalpy of formation of H2, which is also assumed to be equal to zero. 
Hofco   = standard enthalpy of formation of CO. 
Hofh2o  = standard enthalpy of formation of H2O. 
 
The standard enthalpy of formation of component x can be expressed as: 
Hfx = a + bT + cT2        (5.8) 
 
Where a, b and c are constants that can be found from literature and are as shown in Appendix C and 
in the adiabatic case, T is set at a temperature of 298K. 
 
2 2 2 2 2 2 2 2
0
1 2( ) ( ) ( ) 0C O CO C CO H H O CO H O CO H
o o o o o o o o o o o
CO f f f f f f f f f f fN H H H H H H H H H H Hε ε+ − + − − + + + − − =
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Equation 5.7 can then be simplified to: 
2
0
2
2 1
3 3
CO combrxn
rxn rxn
N HH
H H
ε ε
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= − −
∆ ∆
      (5.9) 
Where: 
∆Hrxn2 = HofCO-HofH2O 
∆Hrxn3 = HofCO2-HofH2O-HofCO 
∆Hcomb = HofCO2………………..the heat of combustion 
 
We can now plot equation 5.9 to get a picture of how the energy balance fits into the mass balance 
picture and this we have done as shown on Figure 5.1. We can clearly see from equation 5.9 that 
plotting the energy balance yields a straight line in the ε1-ε2 space with a fixed slope (-∆Hrxn2/∆Hrxn3) 
and the only variable we have that will shift the intercept of the line is the amount of oxygen that is 
initially fed into the gasifier (NCO20).  
 
Depending on the value of the ∆Hrxn2/∆Hrxn3 ratio the slope of the line may be positive or negative 
but as it turns out in our case, the slope of the line is positive as can be seen on Figure 5.1. 
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Figure 5.1: Plot of the adiabatic energy balance lines for different amounts of oxygen fed into the 
gasifier. 
 
We have plotted the energy balance lines at different amounts of oxygen put into the gasifier, to 
show how the intercept changes and how this affects the amount of oxygen fed in order to minimise 
the energy rejected by the gasifier. 
 
 
5.4 ∆G = 0 
Similar to the ∆H = 0 case, this is also a highly idealised case where the temperatures of the exit and 
incoming gases are at ambient and there is no work loss from the gasifier, and that means that the 
system is overall adiabatic. This is the limit of reversible operation of the gasifier with no net work 
recovery or output. We can set up the Gibbs free energy balance in the same manner as the enthalpy 
equations and this results in equation 5.10 below: 
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Where: 
NCO20 = initial number of moles of oxygen/CO2 fed into the gasifier. 
GofC     = Gibbs free energy of formation of carbon, which is assumed to be equal to zero.  
GofO2     = Gibbs free energy of formation of O2, which is also assumed to be equal to zero. 
GofCO2 = Gibbs free energy of formation of CO2. 
GofH2   = Gibbs free energy of formation of H2, which is also assumed to be equal to zero. 
GofCO   = Gibbs free energy of formation of CO. 
GofH2O = Gibbs free energy of formation of H2O. 
 
The standard Gibbs’ free energy of formation of component x can be expressed as: 
Gfx = a + bT + cT2      (5.11) 
Where a, b and c are constants that can be found from literature and are as shown in Appendix C and 
in the adiabatic case, T is set at a temperature of 298K. 
 
Equation 5.10 can then be simplified to: 
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      (5.12) 
Where: 
∆Grxn2 = GofCO-GofH2O 
∆Grxn3 = GofCO2-GofH2O-GofCO 
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We can now plot equation 5.12 to get a picture of how the Gibbs’ free energy fits into the mass 
balance picture and this we have done as shown on Figure 5.2. Similar to the enthalpy case, we can 
clearly see from equation 5.12 that plotting the Gibbs free energy yields a straight line in the ε1-ε2 
space with a fixed slope (-∆Grxn2/Grxn3) and the only variable that will shift the intercept of the line is 
the amount of oxygen that is initially fed into the gasifier (NCO20). 
 
 Depending on the value of the ∆Grxn2/Grxn3 ratio the slope of the line may be positive or negative but 
as it turns out in our case, the slope of the line is positive as can be seen on Figure 5.2. 
 
 
Figure 5.2: Gibbs free energy for a feed of NO2o of 0.3 moles. 
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5.5 ∆H = Q 
This case is exactly the same as that in Section 5.3 but the only difference here is that we assume 
that there will be heat losses into the surroundings (the gasifier is not adiabatic) or that the exit 
stream is not at ambient conditions, and we have plotted the case when the heat losses are positive, 
as shown on Figure 5.3 below.  
 
We can see on Figure 5.3 that energy in the form of heat needs to be added to the system in order to 
increase the possible area of gasification.  
 
It can be added that negative heat losses would lie to the left of the adiabatic energy balance line. 
This would indicate a gasifier that is rejecting energy. 
 
 
Figure 5.3: Energy balance when ∆H = Q 
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5.6 Combining the mass and energy balance 
As stated earlier, we also want to know if gasification is mass balance or energy limited and we can 
see on Figure 5.4 and Figure 5.5 that when we superimpose the mass and energy balance region 
plots, gasification is clearly energy and not work limited.  
 
On Figure 5.4, the area that is defined by the mass balance is the area ABCD and the area covered 
by the adiabatic energy balance is the smaller area ABCEF. We can make this conclusion because as 
can be seen on Figure 5.4, for the same feed, it is the energy balance and not the work balance that 
brings about the biggest reduction in the possible area of gasification. 
   
 
Figure 5.4: Combination of the mass and energy balance for a feed of NO2o= 0.25 moles 
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Figure 5.5: Gasifier heat loss analysis for a varied oxygen feed 
 
 
Figure 5.4 tells us that: 
(i) We can achieve gasification in the area that satisfies both the mass and energy balance. 
(ii) We cannot reach the ‘not accessible’ area as gasification here is energy balance limited. 
(iii) The closer we operate to the adiabatic energy balance line the more of the potential 
energy is stored chemically in the syngas. 
(iv) A gasifier with an output on or close to the NH2O =0 & NCO = 0 region would reject a lot 
of energy and this means that the product would be rejected at high temperatures and this 
is not optimal.  
 
Figure 5.5 tells us that: 
Increased Heat Losses 
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(i) The further the output is away from the energy balance, the higher the product temperature or 
the higher the heat losses are.  
(ii) We would also need more heat recovery as there is a need to recover all the heat so that the 
exit stream from the gasifier is at the same temperature as the inlet stream. 
 
Looking at Figure 5.4 and Figure 5.5 together we can say that: 
(i) If we were to solve for the amount of oxygen needed in the feed to give us the 
maximum possible amount of hydrogen and minimum CO (Point A on Figure 5.4, 
which is the point of the highest possible H2:CO ratio); and say we find that this 
amount is NO20 = 0.1 mole, we can draw the conclusion that for the chosen amount of 
feed oxygen of 0.25 mole, 0.10 mole was usefully used for gasification and 0.15 mole 
‘lost’ either as heat to the surroundings or through high temperature of the product.     
 
 
5.7 Conclusions 
The use of the energy balance in the defined mathematical space has enabled us to establish that the 
gasification process is energy and not work limited.  
 
We have also been able to establish that in order for us to operate adiabatically, the energy balance 
reduces our possible area of gasification and hence informs the possible composition of the syngas 
from the gasifier. 
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From a Process Synthesis point of view, the use of the energy balance in the defined mathematical 
space early in the design process, allows us to: 
• Set targets for the synthesis composition. 
• Decide on the feed composition (for example, the oxygen requirements to minimise energy 
loses). 
• Determine the operating temperature for minimum energy loses. 
• Determine the requirements for heat recovery equipment. 
• This informs decisions on the utility requirements for the process (e.g. cooling water) and  
• Build up the process and utilities flowsheets relatively quickly.   
 
Using the graphical mass balance, partial pressure and energy balance representations in the defined 
mathematical space, we are able to: 
• Make decisions on gasifier sizes. 
• Make decisions on gasifier feed and operating conditions. 
• Start putting together the process flowsheet. 
• Start making decisions on downstream process equipment requirements. 
• Start making decisions on the process utilities. 
• Begin optimising the process flowsheet.  
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CHAPTER 6: Achievable H2: CO and H2:CO2 ratios 
_________________________________________________________________________ 
6.1 Achievable H2: CO ratio 
The current approach in FT synthesis is to target a H2: CO ratio of 2:1 and we would like to 
represent this ratio in the ε1-ε2 space and we do this by replacing the number of moles of both of 
these species with the reaction extents as earlier set out in the mass balance in Section 3: 
 
     
22 =
CO
H
 
 
And this simplifies to: 
2 1 2
1 2
2H
CO
N
N
ε ε
ε ε
+
= =
−
     (6.1) 
 
We have then numerically solved equation 6.1, which gives us a straight line equation and plotted on 
the results on Figure 6.1 and we have also gone further and varied the H2: CO ratio. 
It is important to note equation 6.1 tells us that the H2:CO ratio only depends on the defined reaction 
extents and not the amount of H2O or O2 fed into the gasifier.  
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Figure 6.1: H2: CO ratio for a feed of O2 = 0.25 mol and H2O = 1 mol 
 
Our target is operate as close as possible to the adiabatic energy balance line on Figure 6.1 and 
looking at Figure 6.1 tells us that we would not be able to achieve the desired H2: CO ratio of 2 
without doing something different i.e. change the feed or operating parameters. 
 
Figure 6.1 tells us that in order to achieve a H2: CO ratio of 2 near the adiabatic energy balance line, 
we would have to increase the water consumption (green dotted line on Figure 6.1) of the gasifier 
and this is one of the reasons that in current FT operations, a much higher H2O:O2 ratio is used. The 
other option is to put heat into the gasifier (brown dotted line on Figure 6.1). This heat would be 
input at high temperatures.  
 
In Chapter 7 we will discuss the chemical reaction equilibrium in a gasifier and we will see that if 
we opt to produce syngas with an undesirable H2:CO ratio, we would later need to shift  an 
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endothermic reaction and this would imply that we would reject more heat from the gasifier as we 
would need to put the heat in at high temperature.  
 
For the current technologies, one needs just enough CO for the reaction: 
CO + 2H2 → CH2- + H2O     (6.2) 
With CH2- being used here as a generic formula for the chain products of Fischer – Tropsch 
synthesis.  
 
 
6.2 Achievable H2:CO2 ratios 
With the new chemistry (Patel et.al)[1] that we want to explore, we would like to achieve a H2:CO2 
ratio of 3:1. We explore this possibility by using the same method as in plotting the H2: CO ratios in 
the ε1-ε2 space and when we replace the number of moles of the respective components in the ratio 
we get: 
    
2
2 2
1 2
0
2
H
CO CO
N
x
N N
ε ε
ε
+
= =
+       (6.3) 
Where x is the desired ratio and NCO20 is the amount (moles) of oxygen fed into the gasifier as per 
the initial assumption that NCO2o = NO2o.  
 
Equation 6.3 gives us the equation of a straight line but unlike equation 6.1, it shows us that the ratio 
is a function of the amount of oxygen added to the gasifier, therefore varying O20 will vary the 
intercept of the line.  
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We have then plotted the numerical result of equation 6.3 and as we can see on Figure 6.2, in order 
to achieve a ratio of 3 or lower near the adiabatic line or to achieve gasification in the ‘pink’ region, 
we would have to increase the oxygen consumption of the gasifier. 
 
The proposed new chemistry requires that we produce a H2:CO2 ratio of 3:1 according to equation 
6.4. 
CO2 + 3H2 → CH2- + 2H2O     (6.4) 
The proposed chemistry assumes that there will be no CO produced and therefore we need to operate 
as close to the circled area as possible. 
 
 
Figure 6.2: H2:CO2 ratios for a feed of O2 = 0.2 mol and H2O = 1 mol 
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A few important conclusions can be drawn from analysing Figure 6.2: 
• The area marked by the small triangular region has a high H2: CO2 ratio but it is not ideal to 
operate close to this area as this means that there is a significant amount of CO in the system. 
• The point where the energy balance line intersects the NCO = 0 line is the best place of 
operation for no CO in the syngas and thus for a high carbon efficiency.  
 
One major conclusion we can reach is that we cannot operate at high energy efficiency, no CO 
in syngas and a H2:CO2 ratio of 3:1 simultaneously. 
 
To try and overcome this problem, let us now release a constraint in our system. If we consider the 
tradition FT reaction, as described by equation 6.2: 
CO + 2H2 → CH2- + H2O      (6.2) 
Our new proposed route to FT is given by equation 6.4: 
CO2 + 3H2 → CH2- + 2H2O         (6.4) 
Let us see if we can make a syngas where CO, CO2 and H2 are in the correct proportions. In order to 
understand what the correct proportions are, we say α moles CH2- are formed via reaction 6.2 and (1-
α) moles CH2 are formed via reaction 6.4. 
  
Therefore: 
α CO +  2αH2 → α CH2- + α H2O                                   (6.2b) 
(1- α) CO2 + 3 (1- α) H2 → (1- α) CH2- + 2 (1- α) H2O                       (6.4b) 
 
Solving these two equations simultaneously we get equation 6.5: 
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  α CO
 
+ (1- α) CO2 + (3- α) H2 → CH2- + (2- α) H2O  (6.5) 
 
Thus we want: 
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And if we solve this we get: 
ε2 = (3-2α) ε1                  (6.6) 
and  
21
2
0
2
2
2
)3(
)1(
εε
ε
α
α
+
+
=
−
−
=
CO
H
CO N
N
N
 
And when we solve this we get: 
1
0
2 2
1
2
3
2
ε
αα
ε 




 −
+




 −
= CON                (6.7 a) 
 
We need to satisfy equation 6.6 and 6.7 simultaneously and therefore we end up with  
( )
( )α
α
ε
35
30
1
2
−
−
=
CON
      (6.7 b)
 
 
If we now look closely at the terms of the solution above separately: 
If ε1 > 0 implies that α - 3 > 0 then α > 3, which is not feasible 
Alternatively α - 3 < 0 and therefore α < 3, thus implying that: 
5 - 3α < 0 and therefore α >5/3 which is also not feasible. 
Thus we cannot produce a gas mixture that would satisfy equation 6.5 directly, i.e. a gas 
mixture that has H2:CO:CO2 in the correct proportion, to produce -CH2 directly. 
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Now consider that not all of the CO2 in reaction 6.5 is used up (i.e. we have an excess amount of 
CO2 in reaction 6.5) we can rewrite reaction 6.5 as: 
α CO
 
+ (1- α) CO2 + (3- α) H2 + g CO2 → CH2- + (2- α) H2O + g CO2            (6.8) 
Where g CO2 is the excess amount of CO2 in our system.  
 
This now means that we need: 
α
α
−
=
3
2H
CO
N
N
            f (ε1, ε2)        (6.6) 
( )
α
α
−
+−
=
3
1
2
2 g
N
N
H
CO
  f (ε1, ε2, NCO20)        (6.9) 
 
If we now express these in terms of the reaction extents, they simplify to: 
( )
2 1
3 2
3
α
ε ε
−
=                       (6.6) 
And  
( )
( )
( )
( )2
0
2 1
1 3
2 2CO
g g
N
g g
α
ε ε
− + +
= −
− −
                           (6.9) 
 
We can now solve the above equations simultaneously and we get:  
( )
( )( )
2
0
1
3 3
3 1 2
CON
g
α
ε
α
− +
=
− −
                  (6.10) 
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Equation 6.10 gives us the intercept of the two lines (H2: CO and H2: CO2 ratio) and we can see that 
this intercept is a function of the feed oxygen, α the amount of CH2 formed via the traditional FT 
route (equation 6.2) and the amount of excess CO2 as defined in equation 6.8.  
 
This intercept is unique for any given α, g and NCO20 combination and we now need to 
investigate how we can represent this in the ε1-ε2 space. 
 
6.3 Optimising the achievable H2:CO and H2:CO2 ratio  
6.3.1 Constant g, NCO20 and varying α 
If we use equation 6.6 and change the value of α, we see on Figure 6.3 below that the intercept for 
increasing α is along the NH2O = 0 mass balance line.  
 
Figure 6.3: Varying α (amount of CH2 formed from CO) for a gasifier with NO2o = 0.25 & NH2Oo = 1 
mole. 
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What we notice on Figure 6.3 is that the value of α increases in the same direction as that of 
increasing NCO and hence a lower ratio of H2: CO, and this tells us that in order for the new proposed 
chemistry to work, we need to operate as close to α = 0 as possible.  
 
Of particular interest also on Figure 6.3 is the point of intersection of equation 6.6 with the NH20 = 0 
mass balance line. This point (α = 1, and marked by a star) is the furthest point that we can get to in 
order to get a ratio of H2: CO of 2:1 or higher and this point happens to be (0.75, 0.25) in the ε1-ε2 
space for our chosen feed.  
 
6.3.2 Constant α, NCO20 and varying g 
As illustrated in the preceding sub-section, in order for us to use the new chemistry, we ideally 
would like to operate with α = 0 i.e. along the NCO = 0 line on the mass balance. This means that 
equation 6.10 would be reduced to equation 6.11: 
 
 ( )
2
0
1
3
1 2
co
N
g
ε
−
=
−
                      (6.11) 
 
We can then deduce from the above equation that g, the minimum amount of excess CO2 must be: 
 
2
1
min >g
       (6.12)
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If we are to operate the gasifier, we are bound by the mass balance region and Section 1 tells us that 
the furthest we can go up along the NCO = 0 line is when ε1 = 0.5. If we now incorporate this fact 
into equation 6.10, we can now find the maximum g and this is thus given by: 
2
0
max
1 3
2 CO
g N= +
     (6.13)
 
We now plot equation 6.6 and equation 6.9 in the ε1-ε2 space and we see on Figure 6.4 that  g, the 
amount of excess CO2 necessary increases along the NH2O = 0 line. 
 
 
Figure 6.4: Varying g (amount of excess CO2 needed) and keeping α and NCO20 constant at 0 and 0.5 
mole respectively. 
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the NH2O = 0 line are possible; but they do not satisfy α = 0 within the mass balance region as 
defined in Section 1.   
 
If we now combine Figure 6.3 and Figure 6.4, we can now get a clearer picture of what our 
constraints are in terms of the area where we can operate the gasifier to achieve our goal and Figure 
6.5 presents an illustration of this area. 
 
 
Figure 6.5: Possible operational area for gasification to attain new chemistry configuration, for a 
feed of NO2o = 0.25 and NH2Oo = 1 mole 
 
What we see when we look at Figure 6.5 is that the area where we want to operate with the 
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α = 0, gmax = 1.25 
and α = 1 gmax = 1.25 
 
The ‘accessible’ area is the operational area that allows us to produce syngas with 
compositions that will allow us to use a combination of the CO and the CO2 routes. Syngas 
compositions within this area then allow us to feed directly an FT reactor. In the other areas, 
one would need a shift reactor to shift to the desired compositions, after the gasifier. 
 
There are of course other variables that we still need to consider before making a decision on how to 
best setup our gasifier and some of these are, the amount of feed oxygen, feed steam, the energy 
balance and the chemical reaction equilibria (which is dependent on temperature and pressure of the 
reactants and products). 
 
6.3.3 Constant α, g and varying NCO20 
We now want to investigate how one of our variables and that is the amount of feed oxygen; will 
affect where we choose to setup the gasifier. We do this by plotting in the ε1-ε2 space, solutions to 
equation 6.9 and equation 6.10; we fix α at zero (corresponding to a product of no CO) and then we 
vary the amount of feed oxygen, NCO20. Figure 6.6a and Figure 6.6b present this variation of NCO20 
from 0.15 to 0.25. 
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Figure 6.6a: Possible area of operation with NO20 set at 0.15 mole and NH2Oo = 1 mole. 
 
 
 
Figure 6.6b: Possible area of operation with NCO20 set at 0.25 moles. 
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We can deduce by looking at Figure 6.6a and Figure 6.6b that increasing the amount of oxygen in 
the feed increases the possible area of operation and this gives greater freedom. The down side to 
this of course is that if we increase the area of operation we end up with high H2: CO ratios and this 
is not desirable for the new chemistry.  
 
Putting this together with a matter that was discussed earlier, and that is the influence of feed oxygen 
on the balance (Section 3.2), the conclusion that we can draw from this then is that we need to 
operate with as minimum amounts of feed oxygen as possible. 
 
6.3.4 Incorporating the Energy Balance 
In order for us to get a more complete picture of the situation we need to also include in our 
investigation, the energy balance influence on our decision.  
 
As discussed earlier, the adiabatic energy balance lines can be determined by using equation 5.9: 
 
22
2 1
3 3
CO combrxn
rxn rxn
N HH
H H
ε ε
∆∆
= − −
∆ ∆
     (5.9) 
 
We firstly want to look at an ideal situation and that is where we would operate adiabatically, i.e. on 
or around the adiabatic energy balance line. We do this by first finding the point where the energy 
balance line intersects with the α = 0 line, inside the mass balance area.  
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This we do by substituting into equation 5.9; the ideal point in the ε1-ε2 space (0.45, 0.45, which is 
where the H2:CO ratio is maximum) together with the enthalpies of the reactions as set out in 
equation 5.9 and then we solve for the ‘ideal’ NCO20.  
 
Now that we have found the ‘ideal’ minimum amount of feed oxygen (0.13 mole), we can now 
substitute this value back into equation 5.9 and plot the ‘minimum oxygen’ adiabatic energy balance 
line as we had done earlier for Section 5.4. 
 
Figure 6.7 presents a plot of the adiabatic energy balance line plotted as explained above. We have 
included on Figure 6.7, a plot of how the area changes as set out by equation 6.10. We see on Figure 
6.7 that because the ‘ideal’ amount of oxygen is lower than our initial setup, the area that we can 
operate in is reduced and in essence this just reaffirms what we said in Section 6.3.2.   
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Figure 6.7: Minimum feed oxygen requirements for maximum H2:CO ratio and operating on the 
adiabatic energy balance line. Feed is NH2Oo = 1 and the minimum oxygen was found to be 0.13 
mole. 
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Figure 6.8: Operating on the energy balance line (adiabatic line). 
 
We can see on Figure 6.8 that by considering the energy balance, we further decrease the possible 
area of operation. We have named the energy balance (adiabatic line) at the optimised amount of 
feed oxygen EBopt. We see that moving along the line in the direction of the arrow is moving in the 
direction of increasing g or decreasing α. 
 
A close scrutiny of Figure 6.8 also shows that unlike the situation we had on Figure 6.5; when we 
include the energy balance, the point furthest to the right of the accessible area is not restricted by α 
= 1 and gmin = 0.5 but it is instead restricted by gmin = 0.5 and the EBopt line. The significance of this 
has however not yet been established. 
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In summarising what we have been discussing from section 6.3.1 to section 6.3.4 and following our 
discussions on Figure 6.3 to Figure 6.8, we can conclude the following: 
• Gasification at minimum energy losses is possible within the area A of Figure 6.8. 
• All the points along the energy balance line and within the area A are unique 
combinations of α, g and NCO20. 
• Depending on what α is targeted and the amount of feed oxygen NCO20, there is always a 
unique value of gmax and gmin will be located at a unique point in the ε1-ε2 space. 
• The possible area restricts us in terms of how far gasification can go in terms of 
reaction extents, reaction temperatures and pressure and we shall see this when we 
discuss the possible reaction equilibria of our system. 
 
Having concluded that gasification occurs within an area, we also now want to revisit and examine 
the issue of energy losses that depend on how far from the energy balance line we operate, as 
proposed in Section 5.4. 
 
In understanding this, there are two schools of thought and they are: 
(i) The difference in enthalpy between a product at some point away from ∆H = 0, but 
within the accessible area and a product on the ∆H = 0 line is equivalent to the amount of 
energy lost with the hot exit gases (at a fixed α, g). 
(ii) The difference in enthalpy tells us how much energy is required to cool the gases so that 
the temperature of the exit gases is the same as that of the entry stream.  
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6.4 Conclusions 
Using the graphical representation of the defined mathematical space, we have been able to: 
• Determine the possible H2:CO ratios in the syngas. 
• Determine the possible H2:CO2 ratios in the syngas. 
• Determine the above ratios for a Fischer-Tropsch process that uses the traditional syngas 
compositions. 
• Determine the above ratios for the new proposed Fischer-Tropsch process chemistry.  
• Optimise the above ratios for a Fischer-Tropsch process that uses a combination of the 
traditional syngas composition and the new proposed chemistry. 
• Determine the energy requirements for such a process. 
This shows that the graphical technique can be applied not only to focus on the gasifier, but can be 
applied to other downstream processes. 
 
Process Synthesis deals not only with individual process units but also with the inter-action of the 
process units. We have shown how one can design gasification processes using the graphical tool 
introduced here.  
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CHAPTER 7: Graphical representation of the gasification chemical equilibrium 
________________________________________________________________________ 
7.1 Introduction 
Now that we have explored the mass balance, energy balance and the achievable H2: CO and 
H2:CO2 ratio targets, we would like to take our discussion further and include what thermodynamics 
tells us about the reaction equilibria of the possible reactions. 
 
For the reaction: 
    A (g) + B (g) = C (g) + D (g)    (i) 
It is known that the equilibrium constant Keq for any ideal gas-phase reaction, can be expressed as 
follows: 
    
[ ][ ]
[ ][ ]eq
C DK
A B
=       (7.1) 
where the quantity in the square brackets is the partial pressure of each species. Assuming ideal gas 
behavior, the partial pressures can also be replaced by: 
    [C] = xcP/P*      (7.2) 
where xc is the mole fraction of component C, P* is the atmospheric pressure and P is the system 
total pressure. The mole fractions can then be replaced by the number of moles of each species as 
expressed in the mass balance in Section 3.1. We can also calculate the equilibrium constant at any 
temperature T with help of the van’t Hoff equation: 
    
0
2
ln ( )eq rxnd K H T
dT RT
∆
=      (7.3) 
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Using the above two equations we end up with an expression for the equilibrium constant in terms of 
the reaction extents as set out in Section 3.1 and this leaves us with: 
))(,,,( *12 TKPPf εε =    (ii) 
We can then plot the above equation for different values of P, T etc. to determine what the reaction 
equilibria will look like in the ε1-ε2 space. 
 
One could ask the question: how do we determine the validity of the numerical solutions to the 
reaction extent equations? 
We propose that one looks to satisfy two conditions in order to be able to determine this. 
1. If one looks at equation (i) 
a. Each of the species is represented by a mass balance line in the ε1-ε2 space. We will 
denote these mass balance lines for the respective species as A, B, etc.  
b. These mass balance lines define the operating region for the gasifier. The mass 
balance lines are the limits for each of the species. 
c. The nodes of this mass balance region are defined by the intersections of A with C, B 
with C, B with D and A with D.  
d. These nodes essentially mean that each element is represented at least once on both 
sides of the equation i.e. in the feed and in the product. 
e. It is our contention then; that if our numerical solutions to the equilibrium reactions 
are correct, the numerical solution needs to intersect at least one of these nodes as 
these are the mass balance limits in the ε1-ε2 space. 
We contend as such because at equilibrium, a change in species on either side of the 
reaction will lead to a change in species on the other side of the reaction. 
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2. It is also our contention that if you have 3 equilibrium reactions X, Y and Z: If summing 
up reactions X and Y gives you the equilibrium reaction Z, then the point where reactions 
X and Y intersect needs to be the same point on equilibrium reaction Z. 
 
 
7.2 Results 
7.2.1 Water-Gas Shift Reaction 
The equilibrium constant expression for the water gas shift reaction can be expressed as follows: 
[ ][ ]
[ ][ ]OHCO
HCOK
2
22
=           (7.4) 
We can now plot the isothermal equilibrium curve for the water gas shift reaction (WGS) in the ε1-ε2 
space using equation 7.4 and this can be simplified to: 
( ) ( ) ( )( )2 2 22 0 0 2 02 1 2 1 11 0CO H O COK N N K K N Kε ε ε ε ε− + + + + + − =                 (7.5) 
It is important to notice that the water-gas shift reaction is independent of the operating pressure. 
This simple quadratic can then be solved numerically using any numerical solver (See Appendix 
A1). The equilibrium constant K, can be computed using equation 7.3 as explained in Section 7.1 
(also see Appendix A1).  
 
The feed was set at 1 mol H2O and 1 mol O2. Figure 7.1 is a plot of the WGS in the ε1-ε2 space and it 
can be seen on Figure 7.1 that the WGS reaction is bound by the NCO = 0 and the NH2O = 0 mass 
balance lines and this was the expected result. The curve also has intersects NCO= 0 & NH2 =0 and 
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NH2O = 0 & NCO2 = 0, and we can interpret this as confirmation that the equilibrium solution is 
indeed feasible. 
  
Figure 7.1: Equilibrium plot for the WGS reaction at 1200 oC, NO2o = 1 & NH2Oo = 1 mol. 
Figure 7.1 tells us that for the given feed and gasifier temperature, if the reaction is fast and reaches 
equilibrium, the gas composition follows the WGS curve and the end point lies on this curve. As 
will be discussed later, the actual end point depends on variables such as the temperature, pressure 
and feed. 
 
7.2.2 Methane producing reactions 
Equation 3.7 and equation 3.8 are the two methane producing reactions and they are also plotted as 
explained in Section 7.1. Their respective equilibrium constants can be expressed as: 
[ ][ ]
[ ][ ]32
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     (7.6) 
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[ ][ ]
[ ][ ]422
2
24
HCO
OHCHK =
     (7.7) 
Equation 7.6 simplifies to: 
( )( ) ( ) ( ) ( ) ( ) ( ) ( )2 2 2 2
22
3 0 0 0 0
1 2 1 2 1 2 1 2 1 2 1 2*2 1 1H O H O H O H O
P x xK N N N N
P x x
ε ε ε ε ε ε ε ε ε ε ε ε
 
− + = − − + − + − + + − 
− − 
 
and equation 7.7 simplifies to: 
( )( ) ( ) ( ) ( ) ( ) ( ) ( )2 2 2 2 2 2 2 2
22 240 0 0 0 0 0 0 0
2 1 2 1 2 2 2 2*2 1 1CO H O H O CO H O CO H O CO
P x xK N N N N N N N N
P x x
ε ε ε ε ε ε ε ε
 
+ + = − − + + + + + + + 
− − 
 
Where x is the mole fraction of methane and this was fixed at 5% as it is known that in practice 
the amount of methane produced in this process is relatively small.  With the value of methane 
being relatively small, we do not then need to take it as an independent mass balance. However 
as the percentage methane in the gasifier increases, this assumption or approach breaks down, 
and we will deal with this when we look at our example of coal-methane co-gasification in a 
later chapter.  
 
The molar flow rates of NCO2 and NH2O were fixed at 1 mole for this illustration. The above two 
equations were also solved numerically (Appendix A5 and Appendix A6) and Figure 7.2 
presents the solution to the equations at a pressure of 30 bar and temperature of 1200 K. 
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Figure 7.2: Methanation reactions at 1200 oC and 30 bar, NO2o = 1 & NH2Oo = 1 mol, 5% CH4. 
 
It is evident from Figure 7.2 that the solution to equation 7.6 intersects the NCO = 0 and the NH2O = 0 
mass balance lines (Point A on graph) and equation 7.7 intersects the NCO2 and the NH2O = 0 mass 
lines (Point B on graph). The importance of this observation is that it shows that the numerical 
solutions are valid and feasible. This is because if one looks at the mass balance equations or the 
reaction equilibrium constants; for these to be true, the conditions of these intersections need to be 
fulfilled.  
 
In section 7.5.7 we will discuss the effect of changing the amount of methane in the gasifier in more 
detail but for now it suffices to say that the amount of methane as represented in our mathematical 
space decreases as one moves down towards area C on Figure 7.2. This is the area where we have an 
increase in the number of moles of H2O in the gasifier. 
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7.2.3 Carbon Depositing Reactions 
The reactions that deposit carbon that may occur in the gasifier are represented by equations 3.2, 3.4, 
3.5 and 3.6.  Similar to the methane case, here we assume that the amount of carbon deposited is 
small compared to the other reactions, so that the major mass balance still applies. 
 
The respective equilibrium constants of the carbon depositing reactions can be expressed as: 
 
[ ][ ]
[ ]OH
HCOK
2
2
=       (7.8) 
[ ]
[ ]2
2
CO
COK =        (7.9) 
[ ]
[ ][ ]2
2
HCO
OHK =       (7.10) 
[ ]
[ ][ ]222
2
2
HCO
OH
K =
      (7.11) 
 
The above equations can then be simplified to the following: 
( )( ) ( )2 2
*
0 0 2 2
1 2 1 2 1 2H O H O
P K N N
P
ε ε ε ε ε ε− − + − = −              (7.12) 
( ) ( )( )2 22 0 01 2 2 1* CO COP K N NP ε ε ε ε− = + +               (7.13) 
( ) ( )( )2 22 2 0 01 2 1 2 1 2* H O H OP K N NP ε ε ε ε ε ε− = − − + −              (7.14) 
( )( )2 20 2 1 2* COP K NP ε ε ε+ + = ( )2
20
1 2H ON ε ε− − ( )2 20 0 2H O CON N ε+ +            (7.15) 
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These were also solved numerically (Appendix A2 through to Appendix A4) and the resulting 
solutions plotted in Figure 7.3. Figure 7.3 presents the plots of the numerical solutions to equation 
7.13, equation 7.14 and equation 7.15. The numerical solution to equation 7.12 is not shown as the 
plot is exactly the same as that of equation 7.14; this was expected because reaction 3.2 is just the 
reversal of reaction 3.5. The feed to the gasifier was set at 1 mol H2O and 1 mol O2. 
 
   
Figure 7.3: Carbon depositing reactions at 1200 K and 30 bar, NO2o = 1 & NH2Oo = 1 mol. 
 
The above solutions also behave as expected as the numerical solution to equation 7.14 intersects the 
NCO, NH2O = 0 point (point A on Figure 7.3) and similarly the solution to equation 7.15 intersects the 
NCO2, NH2O = 0 point (point C on Figure 7.3); and we can conclude from this that the numerical 
solutions are valid.  
 
Furthermore, the solution to 7.13, solution to 7.14 and the solution to 7.15 all intersect on the WGS 
curve (point B on the Figure 7.3) and as our second condition for a valid numerical solution 
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suggests, the sum of the equilibrium reaction 7.9 and equilibrium reaction 7.10 is equal to the water 
gas shift reaction.  The sum of equilibrium reaction 7.9 and equilibrium reaction 7.11 is equal to the 
water gas shift reaction and also the sum of equilibrium reaction 7.10 and equilibrium reaction 7.11 
is equal to the water gas shift reaction. 
 
Note that these are all isothermal equilibrium curves. 
 
In terms of gasifier operation, we also get from Figure 7.3 an idea of where carbon is stable and this 
means that if we get into these areas, we will have carbon depositing inside the gasifier. This has 
implications in terms of our reaction kinetics and also gasifier availability, as the build-up of carbon 
needs to be cleaned.  
 
We will look at how we can avoid getting caught in these ‘carbon stable or carbon depositing areas’ 
at a later stage when we look at the effect that: gasification temperature, gasification pressure and 
feed composition, will have on the possible gasification areas or product gas compositions. 
 
Gasifier kinetics has a direct impact on a company’s bottom line because slow reactions means that 
we produce the same amount of gas over a longer period. What this means is that the operational 
expenses increase. 
 
Gasifier availability also has a direct impact on a company’s bottom line in that it increases the 
maintenance expenses and also that there may be times when no gas is produced as a result of a shut 
down.  
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The point that is being emphasised here is that we are able to use the graphical tool developed 
here to identify undesirable or conversely, favourable conditions for operating a gasifier; early 
at the design stage for gasification systems. This is what process synthesis is about. 
  
 
7.3 Effect of Temperature on the Equilibria 
Figure 7.4 shows a plot of temperature against syngas composition adapted from Higman et al [1]. 
Figure 7.4 shows that the CO content increases, H2 is fairly stable and CO2, CH4 and H2O decrease, 
with increasing temperature. This suggests that gasification should be run at high temperatures if we 
want to keep the CO2 content in the syngas low. 
 
We now wish to see if our model agrees with literature in this regard. To so this; we plot our 
reaction equilibrium as defined by the mass balance reaction extents in the ε1-ε2 space, against 
temperature. 
 
Figure 7.4: Influence of temperature on syngas composition at 30 bar (Higman et al [1]). 
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As explained in Section 7.1 (see equation (ii)), equation 7.6 through to equation 7.15 are all 
functions of temperature and therefore a variation in temperature has a varied effect on the reactions 
depending on their respective enthalpies of formation and hence their equilibrium constants. Figure 
7.5a to Figure 7.5f show how changes in temperature affect the various equilibria. 
 The feed to the gasifier was set at 30 bar, 1 mol O2, 1 mol H2O and 5% CH4 for all the reactions. 
 
Figure 7.5a: Effect of temperature on the WGS reaction, NO2o = 1 & NH2Oo = 1 mol.  
 
 
Figure 7.5b: Effect of temperature on Methanation reaction 1, NO2o = 1 & NH2Oo = 1 mol, 5% CH4.  
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Figure 7.5c: Effect of temperature on Methanation reaction 2, NO2o = 1 & NH2Oo = 1 mol, 5% CH4.  
 
 
Figure 7.5d: Effect of temperature on carbon depositing reaction 1, NO2o = 1 & NH2Oo = 1 mol, 5% 
CH4.  
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Figure 7.5e: Effect of temperature on carbon depositing reaction 2, NO2o = 1 & NH2Oo = 1 mol, 5% 
CH4. 
 
  
Figure 7.5f: Effect of temperature on carbon depositing reaction 3, NO2o = 1 & NH2Oo = 1 mol, 5% 
CH4.  
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7.3.1 Water Gas Shift Reaction 
It is evident from Figure 7.5a that temperature has a significant effect on the WGS reaction. The 
equilibrium constant K for this reaction is a strong function of temperature (it increases by more than 
20 times in the range from 250C to the gasification temperatures) and this results in the equilibrium 
shifting to the right at high temperatures. This implies that more CO2 and H2 are formed, at the cost 
of CO
 
and H2O formation and this can be clearly seen in Figure 7.5a, where ε2 increases with 
temperature at any chosen ε1 value. 
 
If it is accepted that the reactions in a gasifier are near the WGS reaction during operation, it follows 
then that the profile of the components in the gasifier will largely follow that of the WGS reaction.  
It is our contention then that as the temperature in the gasifier increases, the gas composition follows 
the PCO = 0, line and then the PH2O = 0 more and more closely. It is because of this then that it is 
also important that we avoid having a large area for carbon deposition.  
 
If it is important then to note that in order to avoid the WGS being ‘trapped’ in the area where 
carbon can be deposited as shown on Figure 7.5d to Figure 7.5f; it is desirable to run gasification 
at relatively high temperatures.  
 
If we follow the WGS path, at high temperatures the gasifier will then produce mainly CO and H2, 
which suggests that of the main gasification reactions that we considered in our mass balance, the 
dominant reaction is the gasification reaction: 
C + H2O = CO + H2 
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Our model in investigating the effect of temperature on the WGS reaction then agrees with 
current thinking and gasification practice. 
 
7.3.2 Methane producing/consuming reactions 
It can be seen on Figure 7.5b and Figure 7.5c that the methane reactions respond quite profoundly to 
temperature changes. The reactions are exothermic and therefore an increase in temperature reduces 
the amount of water and methane formed; and this then suggests that to avoid producing 
significant amounts of methane, one has to run gasification at high temperatures. 
 
7.3.3 Carbon depositing/consuming reactions 
Figure 7.5d to Figure 7.5f show that these reactions are strongly temperature dependent. It has to be 
noted that reaction 3.5 is just the reverse reaction to the synthesis gas reaction (reaction 3.2), and 
thus their profiles are exactly the same.  
 
Figures 7.5d to Figure 7.5f suggest that to minimise the area where carbon is deposited, high 
temperatures are desired. It is also important to note that we ideally want the WGS reaction to lie 
outside the area where carbon is deposited; it is therefore desirable to use high temperatures. 
 
In conclusion; Figures 7.5a to Figure 7.5f suggest that gasification should be run at high 
temperatures, to minimise carbon deposition.  
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The problem is however; that the WGS reaction will be forced into producing more CO2 as the 
gasification temperature increases. The decision for what the correct temperature is; then 
becomes an issue of what the target is and what is the acceptable CO2 production. 
 
 
7.4 Effect of Temperature on the syngas composition 
7.4.1 H2: CO ratio 
As can be expected, the reaction temperature will affect the composition of the syngas that we can 
obtain from a gasifier. One of the ways to see what kind of influence the temperature will have on 
the composition; we can investigate the changes in the H2: CO ratio, as we change temperature.  
The H2: CO ratio as explained earlier can be expressed in terms of our defined reaction extents in the 
ε1-ε2 space using equation 6.1: 
 
1 2
1 2
x
ε ε
ε ε
+
=
−
                                                       (6.1) 
 
Where x is the required ratio and traditionally this ratio is 2 for FT synthesis. 
 
Equation 6.1 is however not a function of temperature so there is no direct way to show the effect of 
temperature by substituting different temperatures into equation 6.1. We can however show the 
effect of temperature on this ratio by using the effect of temperature on the WGS reaction because as 
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explained earlier, the reaction path in the gasifier is expected to largely follow the reaction path of 
the WGS reaction. 
 
Figure 7.6 shows the effect of temperature on the WGS reaction. The feed to the reactor was set at 1 
mol O2, 1 mol H2O and 30 bar. 
 
 
Figure 7.6: Effect of temperature on the H2:CO ratio, , NO2o = 1 & NH2Oo = 1 mol. 
 
The scenario in Figure 7.6 is that: 
(a) The gasifier was set at 900 oC and the resulting H2: CO ratio on the WGS curve is say 1.5 
(Point A). 
(b) The temperature was then increased to 1200 oC. 
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Once the temperature is increased, there are three ways to interpret the results on Figure 7.6: 
i. If we could somehow keep the reaction extent 1 fixed at point A, the H2: CO ratio would 
then increase to point B (same ε1 but higher ε2) on the new WGS curve (e.g. a ratio of 2).  
ii. If we could somehow keep the reaction extent 2 fixed at the point A value, the H2: CO 
ratio would then decrease to point D (same ε2 but higher ε1) on the new WGS curve (e.g. 
a ratio of 1.3).  
iii. If we could keep the H2: CO ratio fixed at 1.5, both reaction extents ε1 and ε2 would then 
increase to the values at point C. 
 
The first interpretation is however most likely because as we said earlier, an increase in the 
gasifier temperature will lead to more CO2 and H2 and less CO being produced, hence an 
increase in the H2:CO ratio. 
 
 
7.4.2 H2: CO2 ratio 
The H2: CO2 ratio as explained earlier can be expressed in terms of our defined reaction extents in 
the ε1-ε2 mathematical space using equation 6.3: 
x
NCO
=
+
+
2
0
21
2
ε
εε
                                                     (6.3)
 
Where x is the required ratio. 
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Similar to the H2: CO case, equation 6.3 is not a function of temperature so there is no direct way to 
show the effect of temperature by substituting different temperatures into equation 6.3. We can 
similarly show the effect of temperature on this ratio by using the effect of temperature on the WGS 
reaction because as explained earlier, the reaction path in the gasifier is expected to largely follow 
the reaction path of the WGS reaction. 
 
Figure 7.7 shows the effect of temperature on the WGS reaction. The feed to the reactor was set at 1 
mol O2, 1 mol H2O and 30 bar. 
 
 
Figure 7.7: Effect of temperature on the H2:CO2 ratio, NO2o = 1 & NH2Oo = 1 mol. 
 
The scenario in Figure 7.7 is that: 
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Once the temperature is increased, we can interpret the results as: if we could somehow keep the 
reaction extent 1 fixed at point A, the H2: CO2 ratio would then decrease to point B (same ε1 but 
higher ε2) on the new WGS curve (e.g. a ratio of 1.3).  
 
This is expected because as earlier stated, an increase in gasifier temperature leads to the 
production of more H2 and CO2. We can use this together with the mass balance expression for 
the number of moles of CO2 ( 2 2 0 2 0CO CON N ε= + ≥ ) to say that an increase in reaction extent ε2 
increases NCO2, hence a reduction in the H2: CO2 ratio.   
 
Overall, our gasification model seems to agree well with literature and current thinking. 
 
 
7.5 Effect of Pressure on the Equilibria 
Figure 7.8 shows a plot of pressure against syngas composition adapted from Higman et al [1]. Figure 
7.8 shows that the CO and H2 content decrease and CO2, CH4 and H2O increase, with increasing 
pressure. This suggests that gasification should be run at low pressures if we want to minimise CO2 
formation. 
 
We now wish to see if our model agrees with literature. To so this; we plot our reaction equilibrium 
as defined by the mass balance reaction extents in the ε1-ε2 space, against pressure. 
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Figure 7.8: Effect of pressure on syngas compositions at 10000C (by Higman et al[1]). 
 
 
7.5.1 Methanation reactions 
The two reactions that involve methane that we have investigated have their respective equilibrium 
constants expressed as: 
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And 
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As explained in Section 7.1 (see equation (ii)) and as can be seen above, equation 7.6 and equation 
7.7 are functions of pressure and therefore changes in pressure will affect the position of the reaction 
equilibrium. Figure 7.9a to Figure 7.9d present the numerical solutions to the equilibrium reactions. 
It can be seen on Figure 7.9a to Figure 7.9d below that at the chosen process temperature of 1200 oC 
variations in pressure clearly has some effect on these reactions.  
 
Figure 7.9a presents the numerical solution to equation 7.6 represented in the ε1-ε2 space. The feed 
to the gasifier was set at 1 mol H2O, 1 mol O2, and CH4 set at 5%. The pressure was varied between 
10 bar and 30 bar. It can be seen on Figure 7.9a that an increase in the gasifier pressure results in an 
increase in the amount of water formed. 
 
Figure 7.9b also shows the numerical solution to equation 7.6 represented in the ε1-ε2 space, the feed 
to the gasifier was now set at 1 mol H2O, 1 mol O2, and CH4 varied between 1% and 5%. The 
pressure was varied between 10 bar and 30 bar at 1% CH4. Figure 7.9b suggests that an increase in 
the amount of methane in the gasifier results in a decrease in the amount of water formed. 
 
Figure 7.9a and Figure 7.9b suggest that in order to suppress methane formation and promote water 
formation, high pressures are necessary in gasification. 
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Figure 7.9a: Effect of pressure on the Methanation reaction 1 at 1200 oC, 1 mol O2, 1 mol H2O and 
5% CH4. 
 
 
Figure 7.9b: Effect of pressure on the Methanation reaction 1 at 1200 oC, 1 mol O2, 1 mol H2O and 
varied CH4. 
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Figure 7.9c presents the numerical solution to equation 7.7 represented in the ε1-ε2 space. The feed 
to the gasifier was set at 1 mol H2O, 1 mol O2, and CH4 set at 5%. The pressure was varied between 
10 bar and 30 bar. It can be seen on Figure 7.9c that an increase in the gasifier pressure results in an 
increase in the amount of water formed. 
 
Figure 7.9d also shows the numerical solution to equation 7.7 represented in the ε1-ε2 space, the feed 
to the gasifier was now set at 1 mol H2O, 1 mol O2, and CH4 varied between 1% and 5%. The 
pressure was varied between 10 bar and 30 bar at 1% CH4. Figure 7.9d suggests that an increase in 
the amount of methane in the gasifier results in a decrease in the amount of water formed. 
 
Figure 7.9c and Figure 7.9d suggest that in order to suppress methane formation and promote water 
formation, high pressures are necessary in gasification. 
 
 
Figure 7.9c: Effect of pressure on the Methanation reaction 2 at 1200 oC, 1 mol O2, 1 mol H2O and 
5% CH4. 
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Figure 7.9d: Effect of pressure on the Methanation reaction 2 at 1200 oC, 1 mol O2, 1 mol H2O and 
varied CH4. 
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 7.5.2 Carbon depositing reactions 
Once again at the chosen process temperature (1200 oC) Figure 7.10a pressure does not have a 
significant effect on the possible gasification region. Figure 7.10b and Figure 7.10c suggest that for 
these reactions; pressure does have a significant effect on the possible gasification region.  
 
It can be seen on Figure 7.10b that an increase in pressure slightly increases the region of carbon 
deposition and this is expected as for reaction 3.4 if we have a look at the number of moles involved 
in the reaction; 2 moles of CO react to form 1 mole of CO2 and this means that an increase in 
pressure should force the reaction to the right. 
 
Figure 7.10c shows that an increase in pressure increases the amount of water formed. 
 
 
Figure 7.10a: Effect of pressure on carbon depositing reaction 1, NO2o = 1 & NH2Oo = 1 mol, T = 
1200 oC. 
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Figure 7.10b: Effect of pressure on carbon depositing reaction 2, NO2o = 1 & NH2Oo = 1 mol, T = 
1200 oC. 
 
Figure 7.10c: Effect of pressure on carbon depositing reaction 3, NO2o = 1 & NH2Oo = 1 mol, T = 
1200 oC. 
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7.6 Effect of Pressure on the syngas composition 
7.6.1 H2: CO ratio 
Once more the H2: CO ratio can be expressed in terms of the reaction extents using equation 6.1. 
1 2
1 2
x
ε ε
ε ε
+
=
−
                                                                     (6.1) 
Similar to the temperature case, equation 6.1 is independent of pressure. We can however investigate 
the effect of pressure by using as an example, one of the methane reactions and we chose the first 
reaction, CO + 3H2 = CH4 + H2O whose equilibrium constant is given by equation 7.6:  
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And when simplified: 
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Figure 7.11 shows the effect of pressure on the methane reaction. The feed to the reactor was set at 1 
mol O2, 1 mol H2O, 1200 oC and 1% CH4. 
 
The scenario in Figure 7.11 is that: 
(a) The gasifier was set at 10 bar and the resulting H2: CO ratio on the equilibrium curve is say 
1.5 (Point A on the blue curve). 
(b) The pressure was then increased to 30 bar (red curve). 
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Figure 7.11: Effect of pressure on the H2: CO ratio, NO2o = 1 & NH2Oo = 1 mol, T = 1200 oC. 
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7.6.2 H2: CO2 ratio 
Once more the H2: CO2 ratio can be expressed in terms of the reaction extents using equation 6.3. 
 
x
NCO
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+
2
0
21
2
ε
εε
                                                              (6.3)
 
 
Similar to the H2: CO case, equation 6.3 is not a function of pressure so there is no direct way to 
show the effect of pressure by substituting different pressures into equation 6.3. We can similarly 
show the effect of pressure on this ratio by using the effect of pressure on the same methane reaction 
used in section 7.6.1.  
 
Figure 7.12 shows the effect of pressure on the methane reaction. The feed to the reactor was set at 1 
mol O2, 1 mol H2O, 1200 oC and 1% CH4. 
 
 
Figure 7.12: Effect of pressure on the H2: CO2 ratio, NH2Oo = 1 mol, 1% CH4, T = 1200 oC. 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
extent 1
ex
te
n
t 2
A
C
D
B
H2:CO2 = 2
H2:CO2 = 1.5
@ 10 bar
@ 30 bar NH2O = 0 
NH2 = 0 
NCO = 0 
NCO2 = 0 
CO + 3H2 = CH4 + H2O 
 135
The scenario in Figure 7.12 is that: 
(a) The gasifier was set at 10 bar and the resulting H2: CO2 ratio on the WGS curve is say 1.5 
(Point A). 
(b) The pressure was then increased to 30 bar. 
 
Once the pressure is increased, there are three ways to interpret the results on Figure 7.12: 
i. If we could somehow keep the reaction extent 1 fixed at point A, the H2: CO2 ratio would 
then increase to point B (same ε1 but lower ε2) on the new equilibrium curve.  
ii. If we could somehow keep the reaction extent 2 fixed at the point A value, the H2: CO2 
ratio would then decrease to point C (same ε2 but lower ε1) on the new equilibrium curve 
(e.g. a ratio of 1.2).  
iii. If we could somehow keep the H2: CO2 ratio fixed at 1.5, both reaction extents ε1 and ε2 
would then decrease to the values at point D. 
The second interpretation is however most likely because as we said when investigating the 
effect of pressure on the second methane reaction (CO2 + 4H2 = CH4 + 2H2O), an increase in 
the gasifier pressure will lead to the formation of more H2O and CH4 and less CO2 and H2 
being produced, however; more H2 is consumed than CO2, as per stoichiometric ratio, hence a 
decrease in the H2:CO2 ratio. 
 
We can use this argument together with the mass balance expression for the number of moles 
of CO2 ( 2 2 0 2 0CO CON N ε= + ≥ ) to say that an increase in reaction extent ε2 increases NCO2, and 
hence a decrease in the H2: CO2 ratio.   
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7.7 Feed composition variation 
7.7.1 Effect of Oxygen on WGS 
We would now like to have a look at and try to understand how variations in the feed composition 
will affect our equilibrium positions. We start by looking at how changes in the amount of oxygen in 
the feed affect the water gas shift reaction: 
 
CO + H2O = CO2 + H2 
 
In Section 3 we stated that the number of moles of oxygen fed into the gasifier can be assumed to be:    
00
22 OCO NN =  
 
When we look at the number of moles of CO2 involved in the WGS reaction, we can expect from Le 
Chatellier’s principle that an increase in the amount of CO2 will shift the reaction to the left and 
hence lead to the production of more H2O and CO.  
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Figure 7.13: Effect of varying the amount of oxygen in the feed, on the WGS reaction, NH2Oo = 1 
mol, T = 1200 oC, P = 30 bar. 
 
The feed to the gasifier was initially fixed at 0.5 mol O2 and 1 mol H2O, the gasifier was set at 30 
bar and 1200 oC. The oxygen in the feed was then increased to 1 mol and all the other parameters 
were held constant. 
 
Figure 7.13 presents a plot of how the WGS reaction shifts when the amount of oxygen fed into the 
gasifier is changed. We can see on Figure 7.13 that an increase in the number of moles of oxygen 
does indeed lead to the production of more CO and H2O as expected. 
 
 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
-1
-0.5
0
0.5
extent 1
ex
te
nt
 
2
NH2O = 0 
NH2 = 0 
NCO = 0 
NCO2 = 0 for NO20 = 0.5 mol 
NCO2 = 0 for NO20 = 1 mol 
NO20 = 0.5 mol 
NO20 = 1 mol 
Increasing NCO Increasing NH2O 
 138
7.7.2 Effect of Oxygen on Methanation reactions 
When we look at the Methanation reactions (reaction 3.7 and reaction 3.8), we see that only reaction 
3.8 has any oxygen (CO2) involved and hence of these two it is the only one that would be affected 
by changes in oxygen feed. 
CO2 + 4H2 = CH4 + 2H2O 
 
We can now, just by looking at the above reaction expect that if we increase the number of moles of 
oxygen in the feed, then the equilibrium would shift to the right and more H2O and CH4 would be 
produced. 
 
  
Figure 7.14: Effect of varying oxygen in the feed, on the methanation reaction 2, NH2Oo = 1 mol, T = 
1200 oC, P = 30 bar, 1% CH4. 
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The feed to the gasifier was initially fixed at 0.5 mol O2 and 1 mol H2O, the gasifier was set at 30 
bar and 1200 oC (say for example that the gasification process would only go as far as point A on 
Figure 7.14).  
 
The oxygen in the feed was then increased to 1 mol and all the other parameters were held constant. 
 
Once the oxygen in the feed is increased, there are two ways one can look at the results on Figure 
7.14: 
i. If we could keep the reaction extent 1 fixed at point A, the amount of water formed 
would then increase to point B (same ε1 but a more negative ε2) on the new equilibrium 
curve.  
ii. If we could keep the reaction extent 2 fixed at the point A value, the amount of water 
formed would then increase to point C (same ε2 but lower ε1) on the new equilibrium 
curve.  
 
Both of these interpretations are acceptable because we can use either argument together with 
the mass balance expression 
2 2
0
1 2 0= − − ≥H O H ON N ε ε to say that a decrease in reaction extent 
ε2 (a more negative or just a smaller positive number) increases the amount of water in the 
gasifier (NH2O).   
 
We can see on Figure 7.14 that an increase in the amount of oxygen in the feed does not have a 
significant effect on the amount of H2O formed through this particular reaction. It does however lead 
to an increase in the area where water could possibly form.  
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One needs to keep in mind that the equilibrium curve tells us of the possible path that this particular 
reaction could follow, and not necessarily where the gasification process as whole stops. We could 
not represent what happens to the amount of CH4 in this particular picture because we do not have 
the amount of CH4 independently defined in the ε1-ε2 space. This will however be investigated when 
we look at the coal-methane co-gasification process. 
 
 
7.7.3 Effect of Oxygen on Carbon producing reactions 
Reaction 3.4 and reaction 3.6 are the two reactions that could possibly produce carbon (remember 
reaction 3.5 is just the reverse of the gasification reaction that defines ε1 and will not be affected by a 
change in oxygen feed). 
2CO = C + CO2            (3.4) 
      CO2 + 2H2 = C + 2H2O                           (3.6) 
 
If we now take a closer look at the effect that changing the oxygen in the feed will have on these 
reactions, we expect that an increase in the amount of oxygen in the feed will result in the 
equilibrium of reaction 3.4 shifting to the left and more CO being produced.  
 
We also expect that an increase in oxygen will shift the equilibrium of reaction 3.6 more to the right 
and hence more H2O and carbon will be produced. 
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Figure 7.15a and Figure 7.15b present a view of the effect of variations in the feed oxygen to 
reaction 3.4 and we can clearly see that an increase in oxygen increases the amount of CO formed 
and carbon deposited. 
 
Figure 7.16 is also representation of variations in the feed oxygen and how these affect the 
equilibrium of reaction 3.6. We can clearly see on Figure 7.16 that an increase in the feed oxygen 
results in an increase in the amount of steam formed in the process.  
 
  
Figure 7.15 a & b: Effect of varying oxygen in the feed, on the reaction 3.4, NH2Oo = 1 mol, T = 1200 
oC, P = 30 bar. 
 
Reaction 3.4: 
It is important to note that Figure 7.15a and Figure 7.15b present the same set of results but they 
have been separated for clarity in the discussion of results.  
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The feed to the gasifier was initially fixed at 0.5 mol O2 and 1 mol H2O, the gasifier was set at 30 
bar and 1200 oC. 
 
The oxygen in the feed was then increased to 1 mol and all the other parameters were held constant. 
 
Once the oxygen in the feed is increased, we can analyse the results on Figure 7.15a in two ways: 
i. The area where CO is formed; is increased in size from A to B and this means that the 
amount of CO formed has increased. Note that area B also covers area A. 
ii. If the gasification process under the initial conditions could only go as far as say point X, 
and then once the feed was changed and we could somehow keep the reaction extent 1 
fixed at point A, the amount of CO formed would then increase to point Y (same ε1 but a 
more negative ε2) on the new equilibrium curve.  
 
Both of these explanations are acceptable and we can use the second argument together with 
the mass balance expression 1 2 0= − ≥CON ε ε to say that a decrease in reaction extent ε2 (a 
more negative or just a smaller positive number) increases the amount of CO in the gasifier 
(NCO).   
 
We look to Figure 7.15b for answers regarding the formation of carbon. 
It can be clearly seen on Figure 7.15b that when the amount of oxygen in the feed is increased; the 
area where carbon is stable or deposited, has increased from the size of area A to the size of area B.  
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This tells us that:  
(a) More carbon will be deposited in the gasifier if the feed oxygen is increased 
(b) We would like to minimize the amount of oxygen fed into the gasifier in order to avoid the 
above scenario, this confirms the ‘minimum amount of oxygen required’ as we discussed in 
Section 6.3.3, in optimizing the achievable H2: CO and H2:CO2 ratios. 
 
  
Figure 7.16: Effect of varying oxygen in the feed on reaction 3.6, NH2Oo = 1 mol, T = 1200 oC, P = 
30 bar. 
 
Reaction 3.6: 
Note that for clarity, the horizontal axis on Figure 7.16 only starts at 0.4 and this is not a problem as 
the two equilibrium curves are the same for ε1< 0.4.  
 
The feed to the gasifier was initially fixed at 0.5 mol O2 and 1 mol H2O, the gasifier was set at 30 
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 The oxygen in the feed was then increased to 1 mol and all the other parameters were held constant. 
Once the oxygen in the feed is increased, there are two ways one can analyse the results on Figure 
7.16: 
i. If we could keep the reaction extent 2 fixed at point A, the amount of water formed 
would then increase to point B (same ε2 but a smaller ε1) on the new equilibrium curve. 
At point B, we would also have less H2 and a larger carbon deposition area. 
ii. If we could keep the reaction extent 1 fixed at the point A value, the amount of water 
formed would then increase to point C (same ε1 but lower ε2) on the new equilibrium 
curve. At point C, we would also have less H2 and a larger carbon deposition area. 
 
Both of these interpretations are acceptable because we can use either argument together with 
the mass balance expressions 
2 2
0
1 2 0= − − ≥H O H ON N ε ε  and 2 1 2 0= + ≥HN ε ε to say that a 
decrease in reaction extent ε2 (a more negative or just a smaller positive number) increases the 
amount water (NH2O) and reduces the amount of hydrogen (NH2)in the gasifier.   
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7.7.4 Effect of Steam on WGS 
As one of our feed components to the process we expect that variations in the amount of steam fed 
into the gasifier will have an impact on the position of the equilibria.  
 
If we look at how variations in the feed steam quantity affect the WGS reaction, we can expect that 
increases in the amount of steam will result in the amount of H2 and CO2 formed increasing. Figure 
7.17 is a plot of these variations plotted as explained earlier in Section 7.1. 
 
 
Figure 7.17: Effect of varying the amount of steam in the feed, on the WGS reaction, NO2o = 1 mol, 
T = 1200 oC, P = 30 bar, 1% CH4. 
 
Figure 7.17 shows that an increase in the amount of feed steam shifts the equilibrium of the WGS 
reaction to the right and results in more CO2 and H2 being formed (the curve shifts in the direction of 
increasing ε1 and  ε2), as expected. 
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The feed to the gasifier was initially fixed at 1 mol O2 and 1 mol H2O, the gasifier was set at 30 bar 
and 1200 oC. 
 
The water in the feed was then increased to 1.5 mol and all the other parameters were held constant. 
Once the oxygen in the feed is increased, there are two explanations for the results on Figure 7.17: 
i. If we could keep the reaction extent 2 fixed at point X, the amount of H2 formed would 
then increase to point Y (same ε2 but a larger ε1, 2 1 2 0= + ≥HN ε ε  ) on the new 
equilibrium curve.  
ii. If we could keep the reaction extent 1 fixed at the point X value, the amount of H2 and 
CO2 formed would then increase to point Z (same ε1 but higher ε2, 2 1 2 0= + ≥HN ε ε , 
2 2
0
2 0CO CON N ε= + ≥  ) on the new equilibrium curve.  
 
 
7.7.5 Effect of Steam on Methanation reactions 
Looking at reaction 3.7 and reaction 3.8 we can expect that an increase in the feed steam will shift 
both equilibria to the left and these reactions will produce more H2, CO and CO2 respectively. 
 
CO + 3H2 = CH4 + H2O                          (3.7) 
CO2 + 4H2 = CH4 + 2H2O                          (3.8) 
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We have plotted on Figure 7.18, the effect that changes in the feed steam will have on reaction 3.7 
and we can clearly see as expected, that an increase in the amount of steam in the feed results in 
more CO and H2 being formed.  
 
 
Figure 7.18: Effect of feed steam variation on reaction 3.7, NO2o = 1 mol, T = 1200 oC, P = 30 bar, 
1% CH4. 
 
The feed to the gasifier was initially fixed at 1 mol O2 and 0.5 mol H2O, the gasifier was set at 30 
bar and 1200 oC and 1% CH4. 
  
The steam in the feed was then increased to 1 mol and all the other parameters were held constant. 
 
Once the steam in the feed is increased, there are two ways one can analyse the results on Figure 
7.18: 
i. If we could keep the reaction extent 2 fixed at point X, the amount of H2 and CO formed 
would then increase to point Y (same ε2 but now with a larger ε1, 2 1 2 0= + ≥HN ε ε ,
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1 2 0= − ≥CON ε ε ) on the new equilibrium curve.  This also implies that there will be less 
H2O in the process. 
ii. If we could keep the reaction extent 1 fixed at the point X value, the amount H2 formed 
would then increase to point Z (same ε1 but higher ε2) on the new equilibrium curve. At 
point Z, we would also have less H2O and CO ( 1 2 0= − ≥CON ε ε ). 
 
The first analysis is the most likely scenario because we would expect an increase in both CO 
and H2 formation.  
 
 
Figure 7.19: Effect of feed steam variation on reaction 3.8, NO2o = 1 mol, T = 1200 oC, P = 30 bar, 
1% CH4. 
 
We see on Figure 7.19 that an increase in feed steam forces the curve to shift in the direction of 
increasing ε1 and ε2. 
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As stated earlier, we expect that an increase in the amount of feed steam will push the equilibrium of 
reaction 3.8 to the left and result in more H2 and CO2 being formed. We find that this is exactly the 
case when we look at Figure 7.19.   
 
The feed to the gasifier was initially fixed at 1 mol O2 and 0.5 mol H2O, the gasifier was set at 30 
bar and 1200 oC and 1% CH4. 
  
The oxygen in the feed was then increased to 1 mol and all the other parameters were held constant. 
 
Once the oxygen in the feed is increased, there are two ways one can analyse the results on Figure 
7.19: 
i. If we could keep the reaction extent 2 fixed at point X, the amount of H2 formed would 
then increase to point Y (same ε2 but now with a larger ε1, 2 1 2 0= + ≥HN ε ε ) on the new 
equilibrium curve.  At point Y, there would be no change in the amount of CO2.  
ii. If we could keep the reaction extent 1 fixed at the point A value, the amount H2 and CO2 
formed would then increase to point Z (same ε1 but higher ε2, 2 1 2 0= + ≥HN ε ε , 
2 2
0
2 0CO CON N ε= + ≥ ) on the new equilibrium curve.  
 
The second interpretation is the most likely scenario as we would expect an increase in both 
CO2 and H2 formation with an increase in the amount of feed steam.  
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7.7.6 Effect of Steam on Carbon producing reactions 
Of the carbon depositing reactions, reaction 3.5 and reaction 3.6 are the only ones that have any H2O 
in them; they are the ones that will be affected by any changes in the amount of feed steam. 
      CO + H2 = C + H2O                                                           (3.5) 
CO2 + 2H2 = C + 2H2O                                                     (3.6) 
 
We expect when looking at reaction 3.5 that an increase in the amount of feed steam will result in 
the equilibrium shifting to the left and thus resulting in more CO and H2 being formed.  
 
 
Reaction 3.5: 
We see when we look at Figure 7.20 that an increase in feed steam does indeed result in more CO 
and H2 being formed, as the curve shifts in the direction of increasing ε1 and ε2. 
 
  
Figure 7.20: Effect of varying steam in feed, on reaction 3.5, NO2o = 1 mol, T = 1200 oC, P = 30 bar, 
1% CH4. 
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The feed to the gasifier was initially fixed at 1 mol O2 and 0.5 mol H2O, the gasifier was set at 30 
bar and 1200 oC. 
  
The steam in the feed was then increased to 1 mol and all the other parameters were held constant. 
 
Once the steam in the feed is increased, we can analyse the results on Figure 7.20: 
i. If we could keep the reaction extent 2 fixed at point X, the amount of H2 and CO formed 
would then increase to point Y (same ε2 but with a bigger ε1, 2 1 2 0= + ≥HN ε ε ,
1 2 0= − ≥CON ε ε ) on the new equilibrium curve. At point Y, we would also have less 
H2O and a smaller carbon deposition area. 
ii. If we could keep the reaction extent 1 fixed at the point  X value, the H2 formed would 
then increase to point Z (same ε1 but bigger ε2) on the new equilibrium curve. At point Z, 
we would also have less H2O and CO and a smaller carbon deposition area. 
 
The first analysis is the most likely scenario because we would expect an increase in both CO 
and H2 formation.  
 
Reaction 3.6: 
We expect when looking at reaction 3.6 that an increase in the amount of feed steam will result in 
the equilibrium shifting to the left and thus resulting in more CO2 and H2 being formed.  
 
We see when we look at Figure 7.21 that an increase in feed oxygen does indeed result in more CO2 
and H2 being formed, as the curve shifts in the direction of increasing ε1 and ε2. 
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Figure 7.21: Effect of varying steam in feed, on reaction 3.6, NO2o = 1 mol, T = 1200 oC, P = 30 bar, 
1% CH4. 
 
The feed to the gasifier was initially fixed at 1 mol O2 and 0.5 mol H2O, the gasifier was set at 30 
bar and 1200 oC. 
 
The steam in the feed was then increased to 1 mol and all the other parameters were held constant. 
 
Once the steam in the feed is increased, we can analyse the results on Figure 7.21: 
i. If we could keep the reaction extent 2 fixed at point X, the amount H2 formed would then 
increase to point Y (same ε2 but with a larger ε1) on the new equilibrium curve. At point 
Y, there would be no change to the amount of CO2 in the system. 
ii. If we could keep the reaction extent 1 fixed at the point X value, then the amount of H2 
and CO2 formed would then increase to point Z (same ε1 but bigger ε2) on the new 
equilibrium curve.  
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The first analysis is the most likely scenario because we would expect an increase in both CO2 
and H2 formation.  
 
 
7.7.7 Effect of Methane on the overall picture 
There is one question we have not yet answered and that is; what effect does the amount of methane 
produced in the system have on our picture?  
 
To try and answer this question, we look at equation 3.7 and equation 3.8, the methane producing 
reactions.  
 
We choose varying amounts of methane, solve equation 7.6 and equation 7.7 as explained earlier, 
and then we plot the numerical solutions to these on Figure 7.22. 
 
We can see on Figure 7.22 that an increase in the amount of methane produced; shifts both reaction 
3.7 and reaction 3.8 to the left, thus increasing the amount of CO, H2 and CO2 produced.  This is an 
expected result as a new equilibrium point needs to be established.  
 
As we stated earlier, the amount of methane chosen was varied between 1 and 5% and this is 
because it is generally accepted in industry that the amount of methane produced will not go higher 
than 5%. 
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Figure 7.22: Varying amounts of methane NO2o = 1 mol, NH2Oo = 1 mol, T = 1200 oC, P = 30 bar. 
 
The next question that we need to address now is: 
What are the optimum conditions for the operational design of a gasifier? To answer this, we put 
together a summary of the pictures we have developed. 
 
 
7.8 Conclusions 
We have been able to represent the chemical equilibrium for the independent reactions that may 
occur in a coal gasifier. Along with the independent reactions, we have also shown the chemical 
equilibrium for other major reactions that may occur in the gasifier.   
 
We have been able to investigate the impact of all the variables (temperature, pressure, feed 
composition (variations in the Oxygen and Steam feed)). 
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We have shown using the graphical technique in the defined mathematical space that: 
• Chemical equilibrium determines the final composition of syngas from a coal gasifier. 
• The chemical equilibrium, and hence the syngas composition, can be changed and optimised 
by changing the feed and operating variables. 
• The process of gasification occurs in a region defined by the mass balance, energy balance 
and chemical equilibrium.   
In terms of Process Synthesis, we have shown that one can design and optimise a coal gasification 
system using fundamental principles, in a mathematical space. This tool can be used without the use 
of comprehensive data or the need for powerful computation tools. 
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CHAPTER 8: Optimal Gasifier Operation 
 
If we now put together a summary of the picture we have been able to put together. 
By defining reaction extents in a mathematical space: 
(a) We have identified a mass balance region in the ε1-ε2 space 
(b) We have identified partial pressure contour lines 
(c) We have identified energy balance lines 
(d) Optimum feed conditions (Temperature and Pressure) 
(e) Established optimum feed proportions (H2O, O2 and C) 
(f) An optimum area for the achievable H2: CO and H2:CO2 ratios 
 
The optimum conditions that we have found for the traditional and new proposed Fischer-Tropsch 
reaction route as explained in Chapter 6, are: 
T = 1200 oC 
P = 30 bar 
NO20 = 0.132 mol/time 
NH2O0 = 1 mol/time 
gmin = 0.5 
gopt = 0.891 
αopt = 0 
αmax = 1 
 
 157
We can now put this onto one picture and Figure 8.1 is a representation of the picture we have 
managed to build.  
 
These conditions give us an optimum area of operation but it must be remembered that for different 
feed compositions (O2 in the feed to be more specific); the extent of gasification or how far the WGS 
reaction will go, depends on a unique set of solutions (α’s and g’s) depending on the feed, reaction 
temperature and pressure.  
 
Figure 8.1 shows a representation of the optimal gasifier region as defined in the ε1 - ε2 mathematical 
space. The feed to the gasifier is 1 mol/time of NH2Oo and the optimum amount of oxygen in the feed, 
NO2o was calculated and found to be 0.13 mol/time. The gasifier was set at a temperature of 1200 oC 
and a pressure of 30 bar.  
 
This optimal area is bound by the mass balance region, the adiabatic energy balance line, the 
minimum and optimum amounts of excess CO2 needed for the novel F-T route (gmin and gopt of 0.5 
and 0.891 respectively), the optimum (or desired) and maximum amount of -CH2 formed via the CO 
reaction (αopt and αmax of 0 and 1 respectively).    
 
This area is the area within which we would like to operate a coal gasifier given the above feed 
specifications, in order to optimize the production of syngas that would be suitable for direct feeding 
into a Fischer-Tropsch reactor that would use both the traditional and proposed new route to F-T 
synthesis.
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Figure 8.1: Optimal gasifier conditions for coal gasification for traditional and proposed new F-T route. 
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+ 3H2 = CH4 + H2O 
2CO = C + CO2 
CO + H2O = CO2 + H2  
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CHAPTER 9: Coal gasification model fitting 
9.1 Introduction 
In order to check the validity of our coal gasification model, data was collected from different 
sources in literature (experimental results and actual gasification plant data results) and this data was 
fitted into our ε1-ε2 mathematical space.  
 
It was found that the literature data fits very well with our model even though there were problems 
in making direct comparisons because the data had: 
• Different types of coal and therefore different carbon compositions 
• Different O2/H2O ratios in the feed 
• Different operating temperatures and pressures 
 
The quality of the data then made it difficult to directly look at: 
• The effect of oxygen (or the O2/H2O feed ratio) 
• The effect of temperature 
• The effect of pressure 
 
General observations could however be made and these agree well with our model, thinking and 
assumptions.  
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9.2 Method 
The data from the different sources is listed in Table 9.1. Listed on Table 9.1 is the coal analysis 
from each source, the feed composition (O2 and H2O) and the product gas compositions.  
 
There are two methods that were used to fit the data: 
1. Model 
Use the given the feed and fit into our model by: 
a. Assuming a conversion (total conversion) of the carbon or the feed water. 
b. Then calculate the molar flow rates of each of the species in the gas product by doing 
a simple mass balance around the gasifier. 
c. Transform the product molar flow rates into our mathematical space by using the 
mass balance expressions for each species. 
i. 00
22 OCO NN =  
ii. 
2 1 2H
N ε ε= +  
iii. 1 2CON ε ε= −  
iv. 
2 2
0
2CO ON N ε= +  
v. 
2 2
0
1 2H O H ON N ε ε= − −   
d. Calculate the reaction equilibrium using the given feed and reactor conditions (only 
O2, H2O, P and T needed here). 
e. We could then check where the transformed, product molar flow rates lie in relation 
to the reaction equilibrium curves. 
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2. Calculation from data 
Use the given product molar compositions: 
a. If the product gas flowrate is not given, then assume a molar flowrate of the gas (the 
actual number is not really important, the ratios of the species is what is most 
important). 
b. Use the given compositions (molar, mass or volume percentage) to calculate the 
molar flow rates of each of the species. 
c. Transform these molar flowrates into our mathematical space by using our mass 
balance expressions. 
 
The results from the two methods can then be compared and conclusions drawn. 
 
              
    Source 
    [1] [2] A [2] B [3] [4] [5] 
Coal Ultimate analysis               
  C % 70 69.94 61.49 47.39 71.72 71.79 
Feed         
  O2 Nm3/h 0.32 1.50 1.75 8993.5 538714.5 123628 
  H2O kg/h 5.55 2.40 1.80 10724 424590.6 115933 
  Coal (kg/hr) 8.33 3.06 3.00 25200 824206 197398 
Product gas         
  CO2 % 0.00 20.58 19.53 21.14 13.87 15.11 
  CO % 63.42 37.14 36.49 28.04 40.4 34.42 
  H2O % 0.01 * * 0.04 11.93 14.29 
  H2 % 34.37 36.67 36.62 39.97 27.72 33.49 
Pressure bar 30 - - 1.01 40 60 
Temperature oC 1500 960 970 1050 1100 1000 
* Gas composition given on a dry basis         
-  Not specified             
 
Table 9.1: Collated literature data 
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9.3 Results and discussion 
Figure 9.1 to Figure 9.6 present the data from the different sources (Reference 1 to Reference 5 
respectively) as fitted into the ε1-ε2 mathematical space, together with a plot of the WGS reaction at 
the relevant conditions.  
 
As mentioned earlier, the data fits very well with our gasification model and we can see from Figure 
9.1 to Figure 9.6 that the gasification path follows a similar path to that of the WGS reaction. 
 
 
Figure 9.1: Model and Data fit for source [1] conditions. 
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Figure 9.2: Model and Data fit for source [2] A conditions. 
 
 
Figure 9.3: Model and Data fit for source [3] conditions. 
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Figure 9.4: Model and Data fit for source [2] B conditions. 
 
 
Figure 9.5: Model and Data fit for source [4] conditions. 
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Figure 9.6: Model and Data fit for source [5] conditions. 
 
As mentioned, due to the fact that the data collected is at different conditions, it is very difficult to 
make direct comparisons. What we can do however, is to use the data to make general observations. 
We can now use the results in our mathematical space to calculate new values for each of the species 
and we can use this information to try and understand what is happening inside the gasifier.  
 
Having calculated the molar flowrate of each species in our ε1-ε2 space, we can use these values to 
give us an indication of what happens when we change various conditions in the gasifier. Due to the 
nature of the data collected we will only discuss the effect of changes in the feed O2/H2O ratios.  
 
Table 9.2 presents the results for both the model and literature data calculations. Figure 9.7 presents 
a plot showing the effect of changing the O2/H2O ratio on the active compounds (H2, CO) and the 
H2/CO ratio of the synthesis gas. 
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O2/H2O (feed) 0.10 0.34 0.67 0.74 0.86 0.96 
H2/CO Model 1.25 1.00 1.00 0.65 0.19 0.16 
  Data 1.00 0.98 1.00 0.61 0.25 0.25 
 
Table 9.2: Effect of changing the feed O2/H2O ratio on the syngas composition 
 
 
Figure 9.7: Effect of feed O2/H2O ratio on the active compounds (H2, CO) and the H2/CO ratio of the 
synthesis gas, the composition curves are the compositions calculated from the model. 
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• As the O2:H2O ratio increases, the H2: CO ratio in the syngas decreases – this agrees with our 
earlier assertion and literature, that an increase in O2 feed will result in more CO being 
produced. 
• As the O2:H2O ratio increases the active compounds in the syngas behave as follows: 
o The amount of CO increases 
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o The amount of CO2 decreases 
All of the above are the expected results because if one considers and accepts that the composition 
of the gas in the gasifier will follow a similar path to the WGS reaction, just by looking at the WGS 
reaction we can say that an increase in the amount of O2 (remember that in our model NCO20 = NO20) 
will result in an increase in the amount of CO and H2O: 
 
WGS reaction:  CO + H2O = CO2 + H2 
 
It has to be stressed again that these are general observations, as the data collected was at different 
feed and operating conditions but they do however agree with literature.  
 
Figure 9.8 presents the effects of the H2O/O2 ratio on the active compounds (H2, CO) and the H2/CO 
ratio of synthesis gas as measured by Guo et al [6]; and Figure 9.9 presents the same effect as 
measured by Hao et al [7].  
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Figure 9.8: Effects of the H2O/O2 ratio on the active compounds (H2, CO) and the H2/CO ratio of 
synthesis gas (by Guo et al [6]). 
 
 
 
Figure 9.9: Effect of the H2O/O2 ratio on the active compounds (H2, CO) and the H2/CO ratio of 
synthesis gas (by Hao et al [7]). 
 
 169
It can be concluded from Figure 9.8 and Figure 9.9 that as the O2/H2O ratio increases (smaller 
H2O/O2 ratio): 
• The H2/CO ratio increases 
• The amount of H2 is steady but the amount of CO increases 
This conclusion does at least in principle, agree with our model. 
 
It can be concluded that the developed model represents the thermodynamic features of the coal 
gasification process well and, thus, provides a useful tool for the analysis of the gasification process. 
The discrepancies between the model and literature results are probably due to the present model not 
considering the kinetic factors and the mass transfer barriers inside the gasifier. 
 
 
9.4 Conclusions 
The graphical technique has been found to be a powerful yet simple tool that can be used to model 
the process of coal gasification, as the results agree well with literature.  
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CHAPTER 10: Coal and Methane co – gasification 
10.1 Introduction 
Coal and methane co-gasification has been widely studied by several authors such as Wu et al [1], 
Guo et al [2], Hao et al [3] and Guo et al [4]. The aim of this chapter is the application of the graphical 
techniques developed in the previous chapters; to study co-gasification and gain an understanding of 
the technology by graphically presenting the fundamentals of mass balance, energy balance and 
reaction equilibrium. 
 
The co-gasification technology is essentially made up of two different processes, the gasification of 
coal and the methane reforming.  
 
 
10.2 Mass Balance 
Degrees of Freedom for the mass balance: Defining the independent Mass Balances 
As we did with coal gasification, we start the analysis on coal-methane co-gasification by looking at 
the possible mass balances in the gasifier. Although there are a large number of reactions that can 
occur, we will look at the most important of these. 
 
If we consider that co-gasification is made up of two processes namely coal gasification and 
methane reforming, and literature suggests that these two processes will not happen simultaneously 
but rather stepwise; we can assume that for the coal gasification process, our mass balance analysis 
in terms of choosing independent reactions will be the same as previously done.  
 172
And so for the coal gasification process: In terms of the mass balance, the major species in the 
gasifier in the feed stream are C, O2 and H2O, while the major species in the product streams are 
CO2, CO, H2 and H2O.   
 
If we analyse the system we see that we have three degrees of freedom and thus we require 3 
independent mass balances to relate the gasifier inputs and outputs.   
 
These three mass balances do not necessarily need to describe the actual chemistry or reactions 
occurring in the gasifier but are merely mathematical descriptions.  In essence the mass balances we 
choose are independent dimensions of the stoichiometric subspace and are a convenient way of 
relating inputs and outputs from the gasifier.    
C + O2 = CO2       (10.1) 
As done earlier, we can assume that coal is pure carbon, and we can adapt this description if we have 
a chemical analysis of a specific coal.  We can reasonably assume that this reaction goes nearly to 
completion and provides the energy necessary for the other gasification reactions. Thus the extent of 
this reaction is essentially equal to the amount of O2 that is fed into the gasifier. 
 
The second independent mass balance we use is a gasification reaction, that is: 
C + H2O = CO + H2. ………………ε1    (10.2) 
This reaction may not occur to completion and we define the extent of the reaction/mass balance to 
be ε1. 
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The third independent mass balance is the water gas shift reaction or: 
CO + H2O = CO2 + H2      ……………….ε2   (10.3) 
This reaction will also not occur to completion and we define the extent of this reaction to be ε2. 
 
The other reactions that will be considered are: 
2CO = C + CO2      (10.4) 
CO + H2 = C + H2O      (10.5) 
CO2 + 2H2 = C + 2H2O     (10.6) 
CO + 3H2 = CH4 + H2O     (10.7) 
CO2 + 4H2 = CH4 + 2H2O     (10.8) 
 
Looking at the overall picture of coal-methane co-gasification, we can say that methane reforming 
only introduces one extra variable and that is methane is now also a feed into our coal gasification 
system. This means that we have introduced one more independent mass balance to the coal 
gasification, and so for the methane reforming process we have: 
  
 
CH4 + H2O = CO + 3H2……………….ε3   (10.9) 
CH4 + 2H2O = CO2 +4H2     (10.10) 
 
In conclusion, we can see that although we have a total of four independent reactions and hence a 
four dimensional mass balance space, we have by the assumption that the first reaction, the 
combustion reaction, goes to completion; effectively reduced the dimension of the space that we 
work in to a three dimensional space.   
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We are now able to represent all outputs for the gasifier for a given feed in a three dimensional space 
and in this way we are able to use a graphical approach and visualize the set of all possible outputs 
from a gasifier.   
 
As done before, we now consider our first reaction, namely combustion and say that as the reaction 
goes to completion, we can consider from the mass balance point of view that the oxygen in the feed 
is converted to carbon dioxide and that this could be considered as a carbon dioxide feed to the 
gasifier (we will use these interchangeably), or:   
    
00
22 OCO NN =                          (10.11) 
We can now write the conditions that will ensure that the molar flowrate of all the species in the 
gasifier remain constant. 
 
Note that we have made the moles of CO2 in the feed equal to the moles of oxygen in the feed. This 
is because of the initial assumption that we made and that is, reaction 10.1 goes to completion. 
1 2 3 0CON ε ε ε= − + ≥                          (10.12) 
If we graphically represent equation 10.12, we can see that it is a plane in the ε1-ε2-ε3 space, where 
the intercept is at zero and this can be seen in Figure 10.1. There are a few things to point out from 
this result and those are: 
(a) The slope of the plane is fixed and does not depend on the feed composition 
(b) Only points that lie below the plane correspond to positive moles of CO and if we operate the 
gasifier on or very close to this plane we then run out of CO  
(c) The further away we are from the NCO = 0 plane, the more CO we have in our product. 
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Figure 10.1: Mass balance plane for CO. 
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We number these as equation 10.13 through to equation 10.16 respectively.  
 
We have plotted equations 10.13 through to equation 10.16 on Figure 10.2 through to Figure 10.5 
respectively. We have plotted these using NO20=1, NH2O0=1 and NCH40=1. Anywhere on each of the 
planes we have NH2=0, NCO2=0, NH2O=0, NCH4=0 respectively. 
Figure 10.6a &b shows the overall mass balance area. 
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We can summarise the results as follows: 
For equation 10.13, only points that lie above the H2 =0 plane correspond to positive moles of H2 
and the further away we are from this plane, the more H2 we produce.  
Similarly for equation 10.12, only points that lie above the CO2 = 0 plane correspond to positive 
moles of CO2. 
  
The result for equation 10.14, also tells us that the further you are away from the CO2 = 0 plane, the 
more CO2 you have in the system. This would suggest that we have less CO in the system because 
the more CO you produce, the less CO2 you produce. 
 
For equation 10.15; we can conclude that only points that lie below the H2O=0 plane, will 
correspond to positive moles of H2O and that the further we are from this plane the more water we 
will produce. 
  
For equation 10.16; we can conclude that only points that lie to the left of the CH4=0 plane, will 
correspond to positive moles of CH4 and that the further we are from this plane the more methane 
we will produce.  
Note: The direction of the arrows indicates increasing moles of each species. 
 
We can therefore come to the conclusion that from a mass balance perspective, the coal-
methane co-gasification process will only occur within the boundary enclosed by the 5 mass 
balance planes (Figure 10.6a and Figure10.6b).  
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This allows us to set targets for coal-methane co-gasification. 
 
Figure 10.2: Mass balance plane for H2. 
 
 
Figure 10.3: Mass balance plane for CO2. 
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Figure 10.4: Mass balance plane for H2O. 
 
 
Figure 10.5: Mass balance plane for CH4. 
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Figure 10.6a: Overall mass balance area.      
                 
 
Figure 10.6b: Overall mass balance area slightly rotated. 
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Figure 10.6a shows a plot of the overall mass balance in the ε1-ε2-ε3 mathematical space. For the 
purpose of clarity, the mass balance region has been rotated around slightly to show another view 
and this is shown on Figure 10.6b.  
 
Also shown on these graphs is the direction of the positive and increasing moles of each of the 
species involved. Any points that lie outside of this region are outside of the mass balance space and 
therefore are not possible or valid. 
 
 
10.3 Energy Balance 
10.3.1 Energy Balance Description 
Similar to the gasification of coal we will consider: 
(i) ∆H = 0 (with Tin = Tout @ 298 K) (Adiabatic gasifier) 
(ii) ∆G = 0 (with Tin = Tout @ 298 K) (Reversible gasifier) 
 
If one considers that the main species in the feed are: CH4, H2O, C and O2, and the main species in 
the product gas are: CH4, H2O, CO, CO2 and H2, we can do an energy balance across the gasifier: 
Hin = Hout 
Where: Hin = NCH4oHfCH4o + NH2OoHfH2Oo + NCoHfCo + NO2oHfO2o   
And  
Hout = NCH4HfCH4o + NH2OHfH2Oo + NCOHfCOo + NCO2HfCO2o + NH2HfH2o  
Where: Nxo = moles/time of component x in the feed 
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Nx = moles/time of component x in the product gas 
Hfxo = Enthalpy of formation of component x at 25oC   
 
Substituting the reaction extents as defined in the mass balance section and simplifying yields: 
2
4 2
2 3 1
3 3 3
orxn rxn comb
co
rxn rxn rxn
H H HN
H H H
ε ε ε
∆ ∆ ∆
= − − −
∆ ∆ ∆
           (10.17) 
Where: 
∆Hrxn4 = HfCOo + 3HfH2o - HfH2Oo - HfCH4o 
∆Hrxn3 = HfCO2o - HfH2Oo - HfCOo 
∆Hrxn2  = HfCOo - HfH2Oo 
∆Hcomb = HfCO2o………………..the heat of combustion 
 
Figure 10.7 shows a plot of the adiabatic energy balance in the ε1 – ε2 – ε3 space.   
Similar to the 2-dimensional case, Figure 10.7 tells us that:  
1. If we operate on the plane, we can operate adiabatically. 
2. If we operate above the plane, we reject energy from the gasifier. 
3. If we operate below the plane, energy is needed to operate the gasifier. 
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Figure 10.7: Energy balance plane for NO2o = 1 mol. 
 
 
10.3.2 Effect of Oxygen on the Energy Balance plane 
If we look closely at equation 10.17, we can see as expected that the amount of oxygen (only oxygen 
has an effect on the EB) in the feed has an impact on the position of the energy balance plane. Figure 
10.8 shows a plot of the effect when the amount of oxygen in the feed is increased from 0.5 
moles/time (red plane) to 1.0 mole/time (or vice versa) (green plane). 
 
If we were to superimpose this effect onto the mass balance region (as will be shown in the 
following section), we would see that by decreasing the amount of oxygen fed into the gasifier, we 
can potentially reduce the amount of heat rejected by the gasifier. 
 
This result tells us exactly the same thing as was proven when we optimised the coal gasifier. 
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Figure 10.8: Effect of feed oxygen on the energy balance plane. 
 
10.3.3 Effect of the Energy Balance on the operating region 
As stated earlier; we would like to see what impact if any, that the energy balance will have or what 
information it can tell us about the operating region, if we were to operate adiabatically. Figure 10.9 
shows a superimposition of the energy balance plane onto the mass balance area. It can be deduced 
from looking at Figure 10.9 and Figure 10.8 above that; depending on the amount of oxygen in the 
feed, the possible operating region can be increased or decreased by the energy balance plane.    
 
Note that for the chosen conditions (1 mol O2, 1 mol H2O, 1mol CH4 in feed), the adiabatic energy 
balance plane lies outside the mass balance area. This means that if we were to design a gasifier 
using these conditions, energy would have to be removed from the gasifier. 
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A reduction in the amount of oxygen fed into the gasifier could possibly move the Adiabatic energy 
balance plane inside the mass balance area, this can be expected as discussed in Section 10.3.2. 
  
It is once again important to note that the conclusions drawn above are in reference to the 
Adiabatic energy balance being the Target. 
 
 
Figure 10.9: Effect of the Energy Balance on the operating region. 
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10.3.4 Gibbs’ Free Energy 
As was done for the coal gasification case and for the ∆H = 0 case above, the Gibbs’ free energy 
balance for co-gasification can be set up for ∆G = 0 and we can substitute the reaction extents and 
we end up with: 
     
2
2
4 2
2 3 1
3 3 3
COorxn rxn
co
rxn rxn rxn
GG G N
G G G
ε ε ε
∆∆ ∆
= − − −
∆ ∆ ∆
          (10.18) 
 
Where:  
∆Grxn4 = GfCOo + 3GfH2o - GfH2Oo - GfCH4o 
∆Grxn3 = GfCO2o - GfH2Oo - GfCOo 
∆Grxn2  = GfCOo - GfH2Oo 
∆Gcomb = GfCO2o………………..the work input for combustion 
 
Figure 10.10 shows a plot of the Gibbs’ Free energy plane together with the adiabatic energy 
balance plane in the ε1-ε2-ε3 space. It can be seen on Figure 10.10 that coal-methane co-gasification 
is energy limited and not work limited, just as is the case with coal gasification. 
 
The feed to the gasifier was set at 1 mol O2, 1 mol H2O.  
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Figure 10.10: Gibbs’ Free energy plane together with the adiabatic energy balance plane. 
 
 
10.4 Reaction Equilibrium 
As done for the coal gasification case, we take a look at the reactions that we assume are at or near 
equilibrium for coal-methane co-gasification.   
 
For the reaction: 
    A (g) + B (g) = C (g) + D (g)                        (i) 
The equilibrium constant Ka for any ideal gas-phase reaction, can be expressed as follows: 
    
[ ][ ]
[ ][ ]eq
C DK
A B
=                                   (10.19) 
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where the quantity in the square brackets is the partial pressure of each species. The partial pressures 
can also be replaced by: 
    [C] = xcP/P*                          (10.20) 
 
where xc is the mole fraction of component C, P* is the atmospheric pressure and P is the system 
total pressure. The mole fractions can then be replaced by the number of moles of each species 
(thereby incorporating the defined reaction extents) as expressed in the mass balance in Section 10.1.  
 
We can also calculate the equilibrium constant at any temperature T with help of the van’t Hoff 
equation: 
    
0
2
ln ( )eq rxnd K H T
dT RT
∆
=                        (10.21) 
 
Using the above two equations we end up with an expression for the equilibrium constant in terms of 
the reaction extents as set out in Section 10.1 and this leaves us with: 
*
2 1 3( , , , , ( ))f P P K Tε ε ε=                             (ii) 
We can then plot the above equation for different values of P, T etc. to determine what the reaction 
equilibria will look like in the ε1-ε2-ε3 space. 
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10.4.1 Water-Gas Shift reaction 
The equilibrium constant expression for the water gas shift reaction can be expressed as follows: 
[ ][ ]
[ ][ ]OHCO
HCOK
2
22
=                       (10.22) 
 
We can now plot the equilibrium surface for the water gas shift reaction (WGS) in the ε1-ε2- ε3 space 
using equation 10.22 and this can be simplified to: 
 
( ) ( ) ( )22 0 0 0 0 0 0 2 23 3 ( 2 ) 0.......1 3 2 1 3 1 3 1 3 1 32 2 2 2 2 2 (10.23)1 N N K N N K N NO H O O O H O H OK ε ε ε ε ε ε ε ε ε ε εε + + + + − + − − − =− +
 
We denote the above equation 10.23. 
 
This equation can then be solved numerically using any numerical solver (See Appendix B2). The 
equilibrium constant K, can be computed using equation 10.21 as explained in Section 10.4.  
 
Figure 10.11 is a plot of the WGS surface in the ε1-ε2- ε3 space and Figure 10.12 and Figure 10.13 
show how this surface is bound by the mass balance region, as was the case with coal gasification. 
Figure 10.13 is a slight rotation on Figure 10.12 for clarity. 
 
In coal-methane co-gasification as expected, the WGS equilibrium surface follows the same path as 
in coal gasification, the only difference being that now there is a third variable, CH4. 
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Figure 10.11: WGS equilibrium in coal-methane co-gasification. 
 
 
 
Figure 10.12: WGS equilibrium in coal-methane co-gasification bound by mass and energy balance 
region. 
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Figure 10.13: WGS equilibrium in coal-methane co-gasification bound by mass balance region – 
slightly rotated. 
 
 
10.4.2 Methane producing reactions 
There are four mass balance reactions (equation 10.7 to equation 10.10) that involve either the 
production or consumption of methane, as explained in Section 10.1.  
 
However when one looks at the equations, it is clear that equation 10.9 and equation 10.10 are 
merely the reverse reactions to equation 10.7 and equation 10.8 respectively. This means that when 
looking at reaction equilibrium, one only needs to look at two of these and so for the purpose of this 
study we will consider equation 10.7 and equation 10.8 only. 
 
10.7. CO + 3H2 = CH4 + H2O 
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10.8. CO2 + 4H2 = CH4 + 2H2O 
10.9. CH4 + H2O = CO + 3H2……………….ε3 
10.10. CH4 + 2H2O = CO2 +4H2 
 
Their respective equilibrium constants can be expressed as: 
[ ][ ]
[ ][ ]32
24
HCO
OHCH
K =
 
[ ][ ]
[ ][ ]422
2
24
HCO
OHCHK =
 
These are equations are denoted equation 10.24 and equation 10.25 respectively.  
  
Substituting the reaction extents as defined in the mass balance section, equation 10.24 simplifies to: 
( )
4 2 4 2
2
3 0 0 0 0 2
1 2 3 1 2 3 3 1 2 3 1 2 3*2 ( 3 ) ( )( )( 2 ) 0CH H O CH H O
P K N N N N
P
ε ε ε ε ε ε ε ε ε ε ε ε ε− + + + − − − − − + + − + =
 
and equation 10.25 simplifies to: 
( )2 4 2 4 2 2
2
0 4 0 0 2 0 0 0 2
2 1 2 3 3 1 2 3 3 2*2 ( 3 ) ( )( ) ( ) 0O CH H O CH H O O
P K N N N N N N
P
ε ε ε ε ε ε ε ε ε ε+ + + − − − − − + + + + =
 
P and P* are defined as the operating pressure and atmospheric pressure respectively. The two 
equations above were also solved numerically (See Appendix B5 and Appendix B6).  
 
Figure 10.14 presents the reaction equilibrium as represented by equation 10.24 in the ε1-ε2-ε3 space, 
for coal-methane co-gasification at a pressure of 30 bar and temperature of 1200 K with a feed of 1 
mol O2, 1 mol H2O and 1 mol CH4. 
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Figure 10.15 presents the reaction equilibrium as represented by equation 10.25, in the ε1-ε2-ε3 space 
for coal-methane co-gasification at a pressure of 30 bar and temperature of 1200 K with a feed of 1 
mol O2, 1 mol H2O and 1 mol CH4. 
  
For clarity and to show how the methane reactions fit relative to each other, Figure 10.16 presents 
the two methane-forming reactions by themselves. 
 
To check the validity of the numerical solutions, we will use the same type of checks that we used in 
the coal gasification case.  
The two conditions to be satisfied are: 
1. If one looks at equation (i) 
a. Each of the species is represented by a mass balance plane in the ε1-ε2-ε3 space.  
b. These mass balance planes define the operating region for the gasifier. The mass 
balance planes are the limits for each of the species. 
c. The lines of intersection at the edges of this mass balance region are defined by the 
intersections A-C, B-C, B-D and A-D in the ε1-ε2-ε3 space.  
d. These edges essentially mean that each element is represented at least once on both 
sides of the equation i.e. in the feed and in the product. 
e. It is our contention then; that if our numerical solutions to the equilibrium reactions 
are correct, the surface representing the numerical solution needs to intersect at least 
one of these edges (lines of intersection of the mass balance planes) as these are the 
mass balance limits in the ε1-ε2-ε3 space. 
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We contend as such because at equilibrium, a change in species on either side of the 
reaction will lead to a change in species on the other side of the reaction. 
2. It is also our contention that if you have 3 equilibrium reactions X, Y and Z: If summing 
up reactions X and Y gives you the equilibrium reaction Z, then the line where reactions 
X and Y intersect needs to be the same line on equilibrium reaction Z. 
 
 
 Figure 10.14: Methane reaction 1 equilibrium in coal-methane co-gasification.  
 
It is evident from Figure 10.14 that the solution to equation 10.24 intersects the NCO = 0 and the 
NH2O = 0 mass balance planes (line/curve A-B on Figure 10.14). The importance of this observation 
is that it shows that the numerical solutions are valid and feasible. This is because if one looks at the 
mass balance equations or the reaction equilibrium constants; for these to be true, the conditions of 
these intersections need to be fulfilled.  
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Figure 10.15: Methane reaction 2 equilibrium in coal-methane co-gasification. 
 
 
Figure 10.16: Methane reactions equilibrium in coal-methane co-gasification. 
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10.4.3 Carbon Depositing Reactions 
The reactions that involve the depositing or usage of carbon that may occur in the gasifier are 
represented by equations 10.2, 10.4, 10.5 and 10.6:   
 
10.2. C + H2O = CO + H2.  
10.4. 2CO = C + CO2 
10.5. CO + H2 = C + H2O 
10.6. CO2 + 2H2 = C + 2H2O 
 
Their respective equilibrium constants can be expressed as: 
[ ][ ]
[ ]OH
HCOK
2
2
=             (10.26) 
[ ]
[ ]2
2
CO
COK =                (10.27) 
[ ]
[ ][ ]2
2
HCO
OHK =               (10.28) 
[ ]
[ ][ ]222
2
2
HCO
OH
K =
               (10.29) 
 
These simplify to the following: 
( )( )2 2
*
0 0
1 2 3 1 2 3 1 2 3 1 2 33 ( )( 3 )H O H O
P K N N
P
ε ε ε ε ε ε ε ε ε ε ε ε+ − + − − − = − + + +  (10.30) 
( ) ( )( )2 22 0 01 2 3 2 1 3* CO COP K N NP ε ε ε ε ε ε− + = + + +      (10.31) 
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( ) ( ) ( )( )2 20 01 2 3 1 2 3 1 2 3 1 2 3* 3H O H OP K N NP ε ε ε ε ε ε ε ε ε ε ε ε− + + + = − − − + − +   (10.32) 
   
( )( ) ( ) ( )2 2 2 2220 0 0 02 1 2 3 1 2 3 2 3* 3 2 0CO H O H O COP K N N N NP ε ε ε ε ε ε ε ε ε+ + + − − − − + + + =    (10.33) 
 
These were also solved numerically (Appendix B2 to Appendix B4) and the resulting solutions 
plotted in Figure 10.17. Figure 10.17 to Figure 10.19 present the plots of the numerical solutions to 
equation 10.30, equation 10.31 and equation 10.33, in their respective order. The numerical solution 
to equation 10.32 is not shown as the plot is exactly that of equation 10.30; this was expected 
because reaction 10.2 is just the reversal of reaction 10.5, hence the same equilibrium plot.  
 
Figure 10.17: Carbon depositing reaction 1 equilibrium in coal-methane co-gasification. 
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Figure 10.18: Carbon depositing reaction 2 equilibrium in coal-methane co-gasification. 
 
 
Figure 10.19: Carbon depositing reaction 4 equilibrium in coal-methane co-gasification. 
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Figure 10.20: Carbon depositing reactions equilibrium in coal-methane co-gasification. 
 
Figure 10.20 shows the numerical solutions to the three carbon depositing reactions’ equilibria in the 
ε1-ε2-ε3 space. These solutions are shown together with the mass balance planes to show where they 
lie in the mathematical space and mass balance region. 
 
The numerical solutions above behave as expected as the numerical solution to equation 10.30 
crosses the NCO, NH2O = 0 mass balance planes on the same line/curve of intersection and similarly 
the solution to equation 10.33 intersects the NCO2, NH2O = 0 mass balance planes; and we can 
conclude from this that the numerical solutions are valid.  
 
What is not shown on Figure 10.20 is the line/curve of intersection of the numerical solution to 
equation 10.31 with the NCO, NO2 = 0 mass balance planes. This is because this plane lies in the 
negative ε1, negative ε2, and negative ε3 space, which lies outside our mass balance region of interest. 
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Note that the fact that this plane lies in this region is not problematic as this is a valid mass balance 
space but it is simply a mathematical space where we have the reverse of the reactions as defined by 
our reaction extents. 
  
Furthermore, the numerical solutions to the equilibria all intersect and cross the WGS reaction on the 
same line/curve, hence reaffirming that the solutions are indeed correct (reaction 10.2 plus reaction 
10.4 gives us the WGS reaction, reaction 10.4 plus reverse reaction 10.6 gives us the WGS reaction 
and reverse reaction 10.2 (same as forward reaction 10.5) plus reaction 10.6 gives us the WGS 
reaction). 
 
 
10.5 Effect of Temperature on the Equilibria 
As explained in Section 10.4 (see equation (ii)), equation 10.1 to equation 10.10 are all functions of 
temperature and therefore a variation in temperature has a varied effect on the reactions depending 
on their respective enthalpies of formation and hence their equilibrium constants.  
 
In investigating the effect of temperature on the equilibrium, we also wish to compare our model to 
literature. Figure 10.21 presents experimental results as measured by Guo et al [4] and Figure 10.21 
shows that co-gasification at high temperatures leads to an increase in the amount of H2 formed and 
a decrease in the amount CH4. For this particular experiment, the amount of CO is fairly stable but 
shows a slight increase. The other gas components also seem stable but show slight decrease. 
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Figure 10.21: Experimental setup and the relationship between coal pyrolysis temperature and coal 
gas composition (Guo et al.). 
 
Figure 10.22 to Figure 10.27 show how changes in temperature affect the various equilibria 
according to our coal-methane co-gasification model.  
 
 
10.5.1 Water Gas Shift Reaction 
It is evident from Figure 10.22 that temperature has a significant effect on the WGS reaction. As 
explained in the coal gasification case, the equilibrium constant for this reaction is a strong function 
of temperature and an increase in temperature drives the forward reaction. This implies that more 
CO2 and H2 are formed, at the cost of CO and H2O formation and this can be clearly seen in Figure 
10.22 as reaction extent ε1 increases at any fixed chosen ε2, ε3 values.  
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Figure 10.22 also suggests that the area where gasification is possible is largest at higher 
temperatures. For this reaction, the profile is a strong function of temperature as it has a relatively 
low, Gibbs’ energy of formation and thus a relatively low equilibrium constant. 
 
Again, if it is accepted that the reactions in a gasifier are near the WGS reaction during operation, it 
follows then that the profile of the components in the gasifier will largely follow that of the WGS 
reaction.  
 
It is our contention then that as the temperature in the gasifier increases, the gas composition follows 
the PCO = 0, line and then the PH2O = 0 more and more closely.  
 
The feed to the gasifier was fixed at 1 mol O2, 1 mol CH4 and 1 mol H2O, the gasifier was set at 30 
bar and initially at 700 K (blue surface on Figure 10.22). 
 
The temperature in the gasifier was then increased to 1200 K (red surface on Figure 10.22) and all 
the other parameters were held constant. 
 
Once the temperature in the gasifier is increased, we can analyse the results on Figure 10.22: 
i. If we could keep the reaction extents ε2 and ε3 fixed at point X, the amount H2 formed 
would then increase to point Y (same ε2 and ε3 but with a larger ε1 and 
2 1 2 3
3 0HN ε ε ε= + + ≥ ) on the new equilibrium surface. At point Y, there would be no 
change to the amount of CO2 in the system. 
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ii. If we could keep the reaction extents ε1 and ε3 fixed at the point X value, then the amount 
of H2 and CO2 formed would then increase to point Z (same ε1 and ε3 but bigger ε2 and 
2 2
0
2 0CO CON N ε= + ≥ , 2 2
0
1 2 3 0H O H ON N ε ε ε= − − − ≥ ) on the new equilibrium surface. 
At point Y, there would be less steam in the system (
2 2
0
1 2 3 0H O H ON N ε ε ε= − − − ≥ ). 
 
The second analysis is the most likely scenario because we would expect an increase in both 
CO2 and H2 formation.  
 
 
Figure 10.22: Effect of Temperature on the WGS reaction. 
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10.5.2 Methane producing reactions 
Qin et al.[5] showed that methane conversion increases with increasing temperature (see Figure 
10.23). 
 
 
Figure 10.23: Effect of temperature on methane conversion in co-gasification (Qin et al.[5]). 
 
Our model shows on Figure 10.24 and Figure 10.25 that the methane reactions do respond to 
changes in temperature but at the chosen feed composition, this response is not highly pronounced. 
The reactions are exothermic and therefore an increase in temperature reduces the amount of water 
and methane formed. 
 
This agrees with our earlier call on coal gasification that, to avoid producing substantial amounts of 
methane; one has to run gasification at relatively high temperatures. 
 
Methane reaction 1 is: CO + 3H2 = CH4 + H2O   
Methane reaction 2 is: CO2 + 4H2 = CH4 + 2H2O 
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For methane reaction 1: 
The feed to the gasifier was fixed at 1 mol O2, 1 mol CH4 and 1 mol H2O, the gasifier was set at 30 
bar and initially at 700 K. 
 
The temperature in the gasifier was then increased to 1200 K and all the other parameters were held 
constant. 
 
Once the temperature in the gasifier is increased, Figure 10.24 tells us that: 
i. The amount of H2 and CO formed would then increase on the new equilibrium surface 
and there would be less steam in the system.  
ii. What we also see on Figure 10.24 is that at higher temperatures, there is less methane in 
the system. 
  
Figure 10.24: Effect of Temperature effects on Methanation reaction 1. 
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For methane reaction 2: 
The feed to the gasifier was fixed at 1 mol O2, 1 mol CH4 and 1 mol H2O, the gasifier was set at 30 
bar and initially at 700 K. 
 
The temperature in the gasifier was then increased to 1400 K  and all the other parameters were held 
constant. 
Once the temperature in the gasifier is increased, Figure 10.25 also tells us that: 
i. The amount of H2 formed would then increase on the new equilibrium surface and there 
would be less steam in the system.  
ii. What we also see on Figure 10.25 is that at higher temperatures, there is less methane in 
the system. 
  
Figure 10.25: Effect of Temperature on Methanation reaction 2.  
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The above observations agree with literature and our earlier call on coal gasification that, to avoid 
producing substantial amounts of methane; one has to run gasification at relatively high 
temperatures. 
 
 
10.5.3 Carbon Depositing Reactions 
Figure 10.26 to Figure 10.28 show that these reactions are significantly affected by temperature 
changes. It has to be noted that reaction 3.5 is just the reverse reaction to the synthesis gas reaction 
(reaction 3.2), and thus their profiles are exactly the same. Figures 10.26 to Figure 10.28 suggest that 
to minimise the area where carbon is deposited, high temperatures are desired.  
 
Carbon depositing reaction 1 is: C + H2O = CO + H2  
Carbon depositing reaction 2 is: 2CO = C + CO2 
Carbon depositing reaction 3 is: CO2 + 2H2 = C + 2H2O 
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Figure 10.26: Effect of temperature on carbon depositing reaction 1.  
 
For carbon depositing reaction 1: 
The feed to the gasifier was fixed at 1 mol O2, 1 mol CH4 and 1 mol H2O, the gasifier was set at 30 
bar and initially at 700 K. 
 
The temperature in the gasifier was then increased to 1200 K and all the other parameters were held 
constant. 
 
Once the temperature in the gasifier is increased, Figure 10.26 also tells us that: 
i. If we could keep the reaction extents ε1 and ε3 fixed at the point X value, then the amount 
of CO formed would then decrease to point Z directly above it (same ε1 and ε3 but a 
larger ε2 and 1 2 3 0CON ε ε ε= − + ≥ ) on the new equilibrium surface. At point Z, there 
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would be more H2 in the system (
2 2
0
1 2 33 0H O H ON N ε ε ε= + + + ≥ ). The carbon 
deposition area also gets smaller. 
  
Figure 10.27: Effect of temperature on carbon depositing reaction 2.  
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more negative ε2 and 2 2
0
2 0CO CON N ε= + ≥ ) on the new equilibrium surface. The carbon 
deposition area also gets smaller. 
 
 
Figure 10.28: Effect of temperature on carbon depositing reaction 3.  
 
For carbon depositing reaction 3: 
The feed to the gasifier was fixed at 1 mol O2, 1 mol CH4 and 1 mol H2O, the gasifier was set at 30 
bar and initially at 700 K. 
 
The temperature in the gasifier was then increased to 1200 K and all the other parameters were held 
constant. 
Once the temperature in the gasifier is increased, Figure 10.28 also tells us that: 
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2 2
0
2 0CO CON N ε= + ≥ , 2 2
0
1 2 3 0H O H ON N ε ε ε= − − − ≥ ) on the new equilibrium surface. 
At point Z, there would also be less steam in the system (
2 2
0
1 2 3 0H O H ON N ε ε ε= − − − ≥ ). 
The carbon deposition area also gets smaller. 
 
In conclusion; Figures 10.22 to Figure 10.28 suggest that gasification should be run at high 
temperatures, to minimise carbon deposition and methane production and this is in agreement 
with literature.  
 
 
10.6 Effect of Pressure on the Equilibria 
10.6.1 Methanation reactions 
It can be expected that changes in pressure will affect the position of the reaction equilibrium as they 
are pressure dependent.  
 
Figure 10.29 and 10.30 present the effect of pressure on the reactions that involve the consumption 
or production of methane. It can be seen on Figure 10.29 and Figure 10.30 below that at the chosen 
process temperature of 1200 K, 1 mol H2O, 1 mol O2 and 1 mol CH4; variations in pressure have 
some effect on the positions of the equilibria, though not highly significant. 
 
Figure 10.29 presents the effect of pressure on methane reaction 1: CO + 3H2 = CH4 +H2O and 
Figure 10.30 presents the effect of pressure on methane reaction 2: CO2 + 4H2 = CH4 + 2H2O. 
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It can be seen on both Figure 10.29 and Figure 10.30 that an increase in pressure results in an 
increase in the amount of H2 and CO and H2 and CO2 respectively. It can be seen on these graphs 
that an in increase in pressure results in the improvement of methane conversion (reduction in the 
amount of CH4 left in the system), which is desirable and this is in agreement with the results of the 
coal gasification case and with literature. 
 
Figure 10.29: Effect of pressure on methane reaction 1.  
 
For methane reaction 1: 
The feed to the gasifier was fixed at 1 mol O2, 1 mol CH4 and 1 mol H2O, the gasifier was initially 
set at 15 bar and at 1200 K. 
 
The pressure in the gasifier was then increased to 30 bar and all the other parameters were held 
constant. 
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Once the pressure in the gasifier is increased, Figure 10.29 also tells us that: 
i. An increase in pressure increases the amount of H2 and CO and decreases the amount of 
CH4. The amount of H2O in the gasifier also decreases (reaction 1 is forced to the left). 
 
 
Figure 10.30: Effect of pressure on methane reaction 2.  
 
For methane reaction 2: 
The feed to the gasifier was fixed at 1 mol O2, 1 mol CH4 and 1 mol H2O, the gasifier was initially 
set at 15 bar and at 1200 K. 
 
The pressure in the gasifier was then increased to 30 bar and all the other parameters were held 
constant. 
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Though the effect of pressure is not significantly high at the chosen process temperature and gasifier 
feed, once the pressure in the gasifier is increased: 
i. The amount of H2 and CO2 in the gasifier increases and the amount of CH4 decreases and 
this is the desired result. The amount of H2O in the gasifier also decreases (reaction 2 is 
forced to the left). 
 
In conclusion, gasification and coal-methane co-gasification needs to be run at low pressures in 
order to suppress methane formation. 
 
 
10.6.2 Carbon depositing reactions 
If one looks at the number of moles involved on each side of the carbon depositing reactions below, 
it would be expected that changes in pressure will not have a significant impact on the positions of 
the reaction equilibria. 
 
Carbon depositing reaction 1 is: C + H2O = CO + H2  
Carbon depositing reaction 2 is: 2CO = C + CO2 
Carbon depositing reaction 3 is: CO2 + 2H2 = C + 2H2O 
 
Figure 10.31 to Figure 10.33 show the numerical solutions to the reaction equilibria in our 
mathematical space. It can be seen on these plots that changes in pressure indeed do not have a 
significant effect on the positions of the equilibria. The one reaction that seems to be most affected is 
reaction 2.  
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Figure 10.31: Effect of pressure on carbon depositing reaction 1. 
 
For carbon depositing reaction 1: 
The feed to the gasifier was fixed at 1 mol O2, 1 mol CH4 and 1 mol H2O, the gasifier was initially 
set at 15 bar and at 1200 K (top surface on Figure 10.31). 
 
The pressure in the gasifier was then increased to 30 bar (bottom surface on Figure 10.31) and all the 
other parameters were held constant. 
 
It can be seen on Figure 10.31 that pressure does not have a significant effect on the position of this 
equilibrium, though it seems the area where carbon is deposited may increase slightly with 
increasing pressure.  
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Figure 10.32: Effect of pressure on carbon depositing reaction 2. 
 
For carbon depositing reaction 2: 
It can be seen on Figure 10.32 that an increase in pressure slightly increases the region of carbon 
deposition and this is expected as for this reaction, 2 moles of CO react to form 1 mole of CO2 and 
this means that an increase in pressure should force the reaction to the right. 
 
The feed to the gasifier was fixed at 1 mol O2, 1 mol CH4 and 1 mol H2O, the gasifier was initially 
set at 15 bar and at 1200 K. 
 
The pressure in the gasifier was then increased to 30 bar and all the other parameters were held 
constant. 
Once the pressure in the gasifier is increased: 
i. The amount of CO2 in the gasifier increases and the carbon deposition area shows a slight 
increase. 
0
0.5
1 0 0.2 0.4 0.6
0.8 1
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
e3e1
e2
30 bar 
15 bar 
 216
 
Figure 10.33: Effect of pressure on carbon depositing reaction 3. 
 
For carbon depositing reaction 3: 
The feed to the gasifier was fixed at 1 mol O2, 1 mol CH4 and 1 mol H2O, the gasifier was initially 
set at 15 bar and at 1200 K (bottom surface on Figure 10.33). 
 
The pressure in the gasifier was then increased to 30 bar (top surface on Figure 10.33) and all the 
other parameters were held constant. 
 
Figure 10.33 tells us as predicted, that pressure really does not have an effect on the position of this 
reaction equilibrium. 
 
In conclusion; Figures 10.31 to Figure 10.33 suggest that gasification should be run at low 
pressures, to minimise carbon deposition and methane production.  
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10.7 Feed composition variation 
In their experimental study of coal-methane gasification, Guo et al [2] showed that as the CH4/O2 
ratio decreases (increase in O2/CH4 ratio), the H2/CO ratio decreases. This means that as the amount 
of feed oxygen is increased, the amount of CO produced from the gasifier increases. Figure 10.34 
shows Guo’s results on the effect of varying the amount of feed oxygen on the syngas composition 
for different coal types. 
 
 
Figure 10.34: Effect of varying the amount of oxygen in the feed, on the syngas composition (by 
Guo et al. [2]). 
 
Guo’s results are also backed up by Hao et al. [3] (Figure 10.35) in their simulation of coal-methane 
co-gasification. 
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Figure 10.35: Effect of Oxygen on the syngas composition (Hao et al. [3]). 
 
 
10.7.1 Effect of Oxygen on WGS 
We would now like to have a look at and try to understand how variations in the feed composition 
will affect our equilibrium positions and compare this to literature. We start by looking at how 
changes in the amount of oxygen in the feed affect the water gas shift reaction: 
CO + H2O = CO2 + H2 
Earlier we stated that the number of moles of oxygen fed into the gasifier can be assumed to be:    
 
00
22 OCO NN =  
When we look at the number of moles of CO2 involved in the above reaction, we can expect from Le 
Chatellier’s principle that an increase in the amount of CO2 will shift the reaction to the left and 
hence lead to the production of more H2O and CO.  
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Figure 10.36: Effect of varying the amount of oxygen in the feed, on the WGS reaction. 
 
Figure 10.36 presents an isothermal, isobaric plot of how the WGS reaction shifts when the amount 
of oxygen fed into the gasifier is changed. The bottom WGS surface on Figure 10.36 represents a 
feed of 1 mol O2, 1 mol CH4 and 1 mol H2O while the top WGS surface represents the same feed 
except that the O2 in the feed is reduced to 0.5 mol.  
 
We can see on Figure 10.36 that an increase in the number of moles of oxygen does indeed lead to 
the production of more CO and H2O as expected (say moving from point A to point B at the same 
value of ε1 and ε3). 
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10.7.2 Effect of Oxygen on Methanation reactions 
The only methanation reaction that involves oxygen is: 
CO2 + 4H2 = CH4 + 2H2O 
We can now expect that if we increase the number of moles of oxygen in the feed, then the 
equilibrium would shift to the right and more H2O and CH4 would be produced. 
 
 
Figure 10.37: Effect of varying oxygen in the feed, on the Methanation reactions.  
 
Figure 10.37 presents a picture of what happens when we vary the amount of oxygen in the feed. 
The blue surface on Figure 10.37 represents a feed of 0.5 mol O2, 1 mol CH4 and 1 mol H2O while 
the red surface represents the same feed except that the O2 in the feed is increased to 1 mol. These 
two surfaces were plotted at the same temperature of 1200 K and same pressure of 30 bar. 
 
We see on Figure 10.37 that an increase in the amount of oxygen in the feed leads to an increase in 
the amount of H2O and CH4 produced, as expected and this is in agreement with literature. 
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10.7.3 Effect of Oxygen on Carbon producing reactions 
The two carbon producing/consuming reactions that will be affected by a change in the amount of 
feed oxygen are: 
2CO = C + CO2            (reaction 1) 
      CO2 + 2H2 = C + 2H2O                           (reaction 2) 
 
Looking at the two reactions above, we expect that an increase in the amount of oxygen in the feed 
will result in the equilibrium of reaction 1 shifting to the left and more CO being produced. We also 
expect that an increase in oxygen will shift the equilibrium of reaction 2 more to the right and hence 
more H2O and carbon will be produced. 
 
Figure 10.38 presents isothermal variations in the feed oxygen to reaction 1 considering a gasifier 
with an initial feed of 1 mol H2O, 0.5 mol O2 and 1 mol CH4. The feed oxygen to the gasifier is then 
increased to 1 mol and all the other variables held constant and we can clearly see that an increase in 
oxygen feed increases the amount of CO formed. 
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Figure 10.38: Effect of varying oxygen in the feed, on the carbon depositing reaction 1. 
 
Considering a gasifier with an initial feed of 1 mol H2O, 0.5 mol O2 and 1 mol CH4, Figure 10.38 
presents isothermal variations in the feed oxygen to reaction 2. The feed oxygen to the gasifier is 
then increased to 1 mol and all the other variables held constant and we can clearly see that an 
increase in oxygen feed does not have a significant effect on the position of this equilibrium. 
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Figure 10.39: Effect of varying oxygen in the feed on the carbon depositing reaction 2. 
 
The results displayed on Figure 10.36 to Figure 10.39 confirm our expectations and they seem to 
agree with literature. 
  
 
10.7.4 Effect of Steam on WGS 
As one of our feed components to the process, we expect that variations in the amount of steam fed 
into the gasifier will have an impact on the position of the equilibria.  
Hao et al.[3] have shown in their study of coal-methane co-gasification that as the amount of steam 
fed into the gasifier is increased, the amount of CO in the syngas decreases and the amount of H2 
shows a slight decrease (Figure 10.41), while the amount of CH4 remains largely unchanged. 
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Figure 10.40: Effect of steam on syngas composition (by Hao et al. [3]). 
 
If we look at how variations in the feed steam quantity affect the WGS reaction, we can expect that 
increases in the amount of steam will result in the amount of H2 and CO2 formed increasing. Figure 
10.41 is a plot of these variations plotted as explained earlier. 
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Figure 10.41: Effect of varying the amount of steam in the feed, on the WGS reaction. 
 
Considering a gasifier with an initial feed of 1 mol H2O, 1 mol O2 and 1 mol CH4. The steam feed to 
the gasifier is then increased to 1.5 mol and all the other variables held constant and we can clearly 
see that an increase in the amount of feed steam shifts the equilibrium of the WGS reaction to the 
right and results in more CO2 and H2 being formed (the curve shifts in the direction of increasing ε1 
and ε2), as expected. 
 
 
10.7.5 Effect of Steam on Methanation reactions 
Looking at the methane reactions that involve steam generation/consumption, we can expect that an 
increase in the feed steam will shift both equilibria and these reactions will produce more H2, CO 
and CO2 respectively. 
CO + 3H2 = CH4 + H2O     
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CO2 + 4H2 = CH4 + 2H2O 
     
Reaction 1:  
We have plotted on Figure 10.42, the effect these variations will have on the first reaction and we 
can clearly see as expected, that an increase in the amount of steam in the feed results in more CO 
and H2 being formed.  
 
 
Figure 10.42: Effect of feed steam variation on methanation reaction 1. 
 
As stated earlier, we expect that an increase in the amount of feed steam will push the equilibrium of 
this reaction to the left and result in less H2O and CH4 and in more H2 and CO in the syngas.  
 
Considering a gasifier with an initial feed of 1 mol H2O, 1 mol O2 and 0.5 mol CH4. The steam feed 
to the gasifier is then increased to 1 mol and all the other variables held constant and we can clearly 
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see that an increase in the amount of feed steam shifts the equilibrium to the left and results in less 
H2O and CH4 and in more H2 and CO in the syngas, as expected. 
 
Reaction 2: 
We have plotted on Figure 10.43, the effect these variations will have on the second reaction and we 
can clearly see as expected, that an increase in the amount of steam in the feed results in less H2O 
and CH4 and in more H2 and CO2 in the syngas.  
 
We see on Figure 10.43 that an increase in feed steam forces the curve to shift in the direction of 
increasing ε1 and ε2. 
 
 
Figure 10.43: Effect of feed steam variation on methanation reaction 2. 
 
Considering a gasifier with an initial feed of 0.5 mol H2O, 1 mol O2 and 1 mol CH4 . The steam feed 
to the gasifier is then increased to 1 mol and all the other variables held constant and we can clearly 
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see that an increase in the amount of feed steam shifts the equilibrium to the left and results in less 
H2O and CH4 and in more H2 and CO2 in the syngas as expected. 
 
10.7.6 Effect of Steam on Carbon producing reactions 
Of the carbon depositing/consuming reactions, only two have any H2O in their reaction equilibrium 
expressions; and they are the ones that will be affected by any changes in the amount of feed steam. 
 
 CO + H2 = C + H2O 
CO2 + 2H2 = C + 2H2O 
 
Carbon depositing reaction 1: 
We expect when looking at the first reaction that an increase in the amount of feed steam will result 
in the equilibrium shifting to the left and thus resulting in more CO and H2 being formed.  
 
Considering a gasifier with an initial feed of 0.5 mol H2O, 1 mol O2 and 1 mol CH4. The steam feed 
to the gasifier is then increased to 1 mol and all the other variables held constant. We see when we 
look at Figure 10.44 that an increase in feed oxygen does indeed result in more CO and H2 being 
formed. The carbon deposition area due to this reaction is reduced. 
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Figure 10.44: Effect of varying the amount of steam in the feed, on the carbon depositing reaction 1. 
 
Carbon depositing reaction 2: 
We expect when looking at the second reaction that an increase in the amount of feed steam will 
result in the equilibrium shifting to the left and thus resulting in more CO2 and H2 being formed.  
 
Considering a gasifier with an initial feed of 0.5 mol H2O, 1 mol O2 and 1 mol CH4. The steam feed 
to the gasifier is then increased to 1 mol and all the other variables held constant. We see when we 
look at Figure 10.45 that an increase in feed oxygen does indeed result in more CO2 and H2 being 
formed. The carbon deposition area due to this reaction is reduced. 
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Figure 10.45: Effect of varying the amount of steam in the feed, on the carbon depositing reaction 2. 
 
 
10.7.6 Effect of Methane on coal-methane co-gasification 
Hao et al.[3] have shown that increasing the amount of methane/natural gas in a coal-methane co-
gasifier has the effect of increasing the amount of hydrogen (H2) in the resulting syngas. Figure 
10.46 and Figure 10.47 are results taken from Hao’s conceptual design and simulation study and 
they show this effect perfectly.  
 
Figure 10.46 shows that the amount of CO in the syngas decreases as the amount of feed CH4 is 
increased. Figure 10.47 shows that as one increases the amount of feed CH4, there is a maximum 
amount of CO that can be formed and it starts dropping irrespective of how much more CH4 is 
added.  
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Figure 10.46: Effect of methane on syngas composition (by Hao et al.[3]) – 1st illustration. 
 
 
 
Figure 10.47: Effect of methane on syngas composition (by Hao et al.[3]) – 2nd illustration. 
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Figure 10.48 shows results by Guo et al.[2] and these results show that the amount of H2 formed 
increases to a limit, as the amount of CH4 fed into the gasifier is increased. 
 
Guo and Hao’s results can be interpreted as to say that there is an optimum amount of CH4/natural 
gas that can be fed into a co-gasifier, in order to optimize the amount of H2 and CO formed through 
coal-methane co-gasification. 
 
 
Figure 10.48: Effect of methane (by Guo et al.[2]). 
 
The two methane forming/consuming reactions we have considered for our study are: 
CO + 3H2 = CH4 + H2O     
CO2 + 4H2 = CH4 + 2H2O  
We would now like to see if our model tells us a similar story to literature. To do this we plot our 
numerical solutions to the reaction equilibria expressions at a set of conditions and then we vary the 
amount of methane fed into the gasifier to see if this will have any effect. 
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Figure 10.49 shows the numerical solutions plotted in the ε1-ε2-ε3 mathematical space for the first 
methane reaction. Considering a gasifier with an initial feed of 0.5 mol CH4, 1 mol O2 and 1 mol 
H2O. The methane feed to the gasifier is then increased to 1 mol and all the other variables held 
constant.  
 
We can see on Figure 10.49 that an increase in the amount of methane produced shifts this reaction 
to the left, thus increasing the amount of H2 produced (e.g. from A to B (same ε1 and ε3 but higher 
ε2) on Figure 10.49 ).  This is an expected result as a new equilibrium point needs to be established.  
 
Figure 10.50 shows the numerical solutions plotted in the ε1-ε2-ε3 mathematical space for the second 
methane reaction. Considering a gasifier with an initial feed of 0.5 mol CH4, 1 mol O2 and 1 mol 
H2O. The methane feed to the gasifier is then increased to 1 mol and all the other variables held 
constant.  
 
We can see on Figure 10.50 that an increase in the amount of methane produced shifts this reaction 
to the left, thus increasing the amount of CO2 and H2 produced (e.g. from A to B (same ε1 and ε3 but 
higher ε2) on Figure 10.50).   
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Figure 10.49: Effect of varying the amounts of methane on reaction 1 
 
  
Figure 10.50: Effect of varying the amounts of methane on reaction 2. 
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10.8 Conclusions 
As was done with coal gasification, we have shown that the graphical techniques can be applied to 
coal – methane co – gasification.  
 
In the case of coal – methane co – gasification, we have analysed the effects of all the operating and 
feed variables, including variations in the amount of methane in the feed. The results show that 
gasification happens in a 3-dimensional mathematical space and this is useful for our understanding, 
design and optimisation of the process and gasification units. 
 
The graphical technique is a very powerful and useful tool for Process Design as it can be applied 
very quickly and it is very easy to compute and can be applied in the early stages of design, saving 
time and costs. 
 
This tool gives a visual interpretation of what happens in a gasifier and it is therefore very good in 
giving insight into the process.  
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CHAPTER 11: Conclusions 
________________________________________________________________________________ 
The work done in this thesis has contributed to the knowledge body a new graphical technique 
to look at coal gasification and coal-methane co-gasification. 
 
Based on the work that was done in this thesis, the following conclusions can be reached: 
• The use of graphical methods to assess and predict gasification is a viable and the most 
economical way of investigating gasification. 
• The developed model represents the thermodynamic features of the coal and coal-
methane co-gasification processes well and, thus provides a useful tool for the analysis of 
the two processes.  
• The discrepancies between the model and literature results are probably due to the 
present model not considering the kinetic factors and the mass transfer barriers inside the 
gasifier. 
• We have established that the extents to which the gasification reactions occur, depends 
on the mass balance and energy balance on the reactants. We need to satisfy both the 
mass and energy balances. 
• We have established that overall; gasification is energy and not work limited. 
• We have established an optimum operating region for coal gasification and coal-methane 
co-gasification and depending on the requirements and operating conditions, the 
optimum region can shift. 
• The new proposed FT chemistry configuration can be achieved in a coal gasifier given a 
specific set of unique conditions. 
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The tools developed in this thesis, which are in agreement with literature, have allowed us to 
determine that: 
From a mass balance perspective: 
• In order to maximise our possible region of gasification, we should maximise the 
amount of steam and oxygen that is fed into a gasifier. 
 
From an energy balance perspective: 
• The closer we operate to the energy balance line the more of the potential energy is 
stored chemically in the syngas. 
• The further the output is away from the adiabatic energy balance, the higher the 
product temperature or the higher the heat losses are. This also means we would need 
more heat recovery as there is a need to recover all the heat so that the exit stream 
from the gasifier is at the same temperature as the inlet stream. 
 
From a partial pressure perspective: 
• A contour map depicting the partial pressures of all the components in the syngas can 
drawn given the feed and operating conditions of the gasifier and this map allows one 
to determine the partial pressures of components without actually calculating them.  
 
For the new proposed FT chemistry: 
• One major conclusion that can be reached is that one cannot operate at high energy 
efficiency, zero CO in syngas and correct H2: CO2 ratio simultaneously. 
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• Depending on the desired amount of CH2- product to be formed through the 
traditional FT route (α); there is a unique set of solutions to the required amount of 
feed oxygen and  the excess amount of CO2 (gmax and gmin) required. Note that this 
excess CO2 would have to be made by the gasifier and we can determine the area (in 
the mathematical space) where this is possible. 
• All the points along the adiabatic energy balance line and within this specific area are 
unique combinations of α, g and NCO20. 
• For points inside this area but far from the adiabatic energy balance line, there are 
two schools of thought: 
 The difference in enthalpy between a product at some point away from ∆H = 
0, but within the accessible area and a product on the ∆H = 0 line is 
equivalent to the amount of energy lost with the hot exit gases (fixed α, g). 
 The difference in enthalpy tells us how much energy is required to cool the 
gases so that the temperature of the exit gases is the same as that of the entry 
stream.  
 
From a chemical equilibrium perspective: 
• We have been able to determine the effect that reactor operating conditions will have 
on the product syngas: 
 Pressure 
To minimize carbon deposition and maximize methane conversion, 
high pressures (preferably above 30 bar) are necessary in both coal 
gasification and coal-methane co-gasification.  
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 Temperature 
(i) For the same reasons of minimizing carbon deposition and 
maximizing methane conversion, high temperatures are necessary, 
preferably above 1200 K. 
(ii) High temperatures encourage the formation of more H2 and CO2 
from the WGS reaction 
 
• We have also been able to determine the effect that feed composition has on the 
syngas product. 
 O2/H2O ratio 
o  As the O2:H2O ratio increases, the H2: CO ratio in the syngas 
decreases  
o As the O2:H2O ratio increases the active compounds in the 
syngas behave as follows: 
 The amount of CO increases 
 The amount of H2O increases 
 The amount of H2, is steady 
 The amount of CO2 decreases 
More carbon will be deposited in the gasifier if the feed oxygen is 
increased.  
This means that there is an optimum amount of O2, depending on the 
downstream needs for the syngas product.  
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 Steam 
o As the amount of feed steam increases 
 The amount of CO decreases 
 The amount of H2, increases 
 The amount of CO2 increases 
 
 CH4 
o An increase in the amount of CH4 feed: 
 Increasing the amount of H2, CO and CO2 produced 
 There is an optimum amount of CH4 that can be fed 
into a co-gasifier, in order to optimize the amount of H2 
and CO formed through coal-methane co-gasification. 
It can be concluded that the developed model represents the thermodynamic features of the 
coal gasification process fairly well and, provides a useful tool for the analysis of the 
gasification process.  
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Appendix A: Scripts for numerical solutions for coal gasification 
Appendix A1: CO + H2O = H2 + CO2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
HCO 112.19− 8.118 10
3−
⋅ T0⋅+ 8.0425 10
6−
⋅ T0
2
⋅−:=
HCH4 63.425− 4.335510
2−
⋅ T0⋅− 1.722 10
5−
⋅ T0
2
⋅+:=
HH2O 238.41− 1.2256 10
2−
⋅ T0⋅− 2.7656 10
6−
⋅ T0
2
⋅+:=
CH2 25.399 2.0178 10
2−
⋅ T⋅+ 3.8549 10 5−⋅ T2⋅− 3.188 10 8−⋅ T3⋅+ 8.7585 10 12−⋅ T4⋅−:=
CCO2 27.437 4.231510
2−
⋅ T⋅+ 1.955510 5−⋅ T2⋅− 3.996810 9−⋅ T3⋅+ 2.987210 13−⋅ T4⋅−:=
CCO 29.556 6.5807 10
3−
⋅ T⋅− 2.013 10 5−⋅ T2⋅+ 1.2227 10 8−⋅ T3⋅− 2.2617 10 12−⋅ T4⋅+:=
 
 
 
 
 
 
 
 
 
WGS: CO+H2O = H2 + CO2 
 
P 300000:=
P1 101325:=
T0 298.15:=
GH2O 241.74− 4.174 10
2−
⋅ T0⋅+ 7.428110
6−
⋅ T0
2
⋅+:=
GCH4 75.262− 7.592510
2−
⋅ T0⋅+ 1.87 10
5−
⋅ T0
2
⋅+:=
GCO2 393.36 0.00382T0⋅+ 1.3322 10
6−
⋅ T0
2
⋅−:=
GCO 109.885− 9.221 10
2−
⋅ T0⋅− 1.4547 10
6−
⋅ T0
2
⋅+:=
K0 e
G−
R T0⋅
:=
HCO2 393.422− 1.5913 10
4−
⋅ T0⋅+ 1.3945 10
6−
⋅ T0
2
⋅−:=
H HH2O− H CO− HCO2+( ):=
T 1200:=
R 8.314:=
G GCO2 G H2O− GCO−:= 
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Reaction Equilibrium 
constants;    % m-file containing all the constants 
for e1=0:0.001:2.0; 
    x1=(-(o+w*K+e1)+sqrt(((o+w*K+e1)^2)-4*(1-K)*((e1^2)*K+e1*(-K*w+o))))/(2*(1-K)); 
    x2=(-(o+w*K+e1)-sqrt(((o+w*K+e1)^2)-4*(1-K)*((e1^2)*K+e1*(-K*w+o))))/(2*(1-K)); 
    plot(e1,x1,'b'); 
hold on; 
end 
 
 
 
 
 
 
 
CH2O 33.933 8.418610
3−
⋅ T⋅− 2.990610 5−⋅ T2⋅+ 1.782510 8−⋅ T3⋅− 3.693410 12−⋅ T4⋅+:=
CCH4 34.942 3.9957 10
2−
⋅ T⋅− 1.9184 10 4−⋅ T2⋅+ 1.5303 10 7−⋅ T3⋅− 3.9321 10 11−⋅ T4⋅+:=
CP CCO− CH2O− CCO2+ CH2+:=
Hrxn H
T0
T
TCP
⌠

⌡
d+:=
K e
ln K 0 ( )
T0 
T
T
Hrxn
R T2 ⋅
⌠



⌡
d+
 
 
 
 
 




:= 
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Appendix A2: C + H2O = H2 + CO 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
G GCO GH2O−:=
R 8.314:=
T 1200:=
K0 e
G−
R T0⋅
:=
K0 0.964=
HCH4 63.425− 4.3355 10
2−
⋅ T0⋅− 1.722 10
5−
⋅ T0
2
⋅+:=
HCO2 393.422− 1.5913 10
4−
⋅ T0⋅+ 1.3945 10
6−
⋅ T0
2
⋅−:=
H HCO HH2O−:=
CH2 25.399 2.0178 10
2−
⋅ T⋅+ 3.8549 10 5−⋅ T2⋅− 3.188 10 8−⋅ T3⋅+ 8.7585 10 12−⋅ T4⋅−:=
CCO2 27.437 4.231510
2−
⋅ T⋅+ 1.955510 5−⋅ T2⋅− 3.996810 9−⋅ T3⋅+ 2.987210 13−⋅ T4⋅−:=
CCO 29.556 6.5807 10
3−
⋅ T⋅− 2.013 10 5−⋅ T2⋅+ 1.2227 10 8−⋅ T3⋅− 2.2617 10 12−⋅ T4⋅+:=
CH2O 33.933 8.4186 10
3−
⋅ T⋅− 2.9906 10 5−⋅ T2⋅+ 1.7825 10 8−⋅ T3⋅− 3.6934 10 12−⋅ T4⋅+:=
CCH4 34.942 3.995710
2−
⋅ T⋅− 1.918410 4−⋅ T2⋅+ 1.530310 7−⋅ T3⋅− 3.932110 11−⋅ T4⋅+:=
C + H2O = H2 + CO 
 
 
 
 
 
 
 
 
 
 
P 300000:=
P1 101325:=
T0 298.15:=
GH2O 241.74− 4.174 10
2−
⋅ T0⋅+ 7.4281 10
6−
⋅ T0
2
⋅+:=
GCH4 75.262− 7.5925 10
2−
⋅ T0⋅+ 1.87 10
5−
⋅ T0
2
⋅+:=
GCO2 393.36 0.00382T0⋅+ 1.3322 10
6−
⋅ T0
2
⋅−:=
GCO 109.885− 9.221 10
2−
⋅ T0⋅− 1.4547 10
6−
⋅ T0
2
⋅+:=
HH2O 238.41− 1.225610
2−
⋅ T0⋅− 2.765610
6−
⋅ T0
2
⋅+:=
HCO 112.19− 8.118 10
3−
⋅ T0⋅+ 8.042510
6−
⋅ T0
2
⋅−:=
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Reaction Equilibrium 
constants;    % m-file containing all the constants 
 for e1=0:0.001:2 
x1=(-(-2*w)+sqrt(((-2*w)^2)-4*(K*P/P1+1)*(w-K*P/P1*(e1^2)-(e1^2))))/(2*(K*P/P1+1)); 
x2=(-(-2*w)-sqrt(((-2*w)^2)-4*(K*P/P1+1)*(w-K*P/P1*(e1^2)-     (e1^2))))/(2*(K*P/P1+1)); 
  plot(e1,x1,'k',e1,x2,'k'); 
grid 
hold on; 
 end 
 
 
 
 
 
 
 
 
 
 
 
 
 
Hrxn H
T0
T
TCP
⌠

⌡
d+:=
Hrxn 1.951 10
4
×=
K e
ln K0( )
T0
T
T
Hrxn
R T2⋅
⌠



⌡
d+









:=
 CP CCO CH2+ CH2O−:=
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Appendix A3: 2CO = C + CO2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
G GCO2 2 GCO⋅−:=
T 1200:=
K0 e
G−
R T0⋅
:=
K0 0.764=
HCO 112.19− 8.118 10
3−
⋅ T0⋅+ 8.0425 10
6−
⋅ T0
2
⋅−:=
HCH4 63.425− 4.335510
2−
⋅ T0⋅− 1.722 10
5−
⋅ T0
2
⋅+:=
CH2 25.399 2.0178 10
2−
⋅ T⋅+ 3.8549 10 5−⋅ T2⋅− 3.188 10 8−⋅ T3⋅+ 8.7585 10 12−⋅ T4⋅−:=
CCO2 27.437 4.2315 10
2−
⋅ T⋅+ 1.9555 10 5−⋅ T2⋅− 3.9968 10 9−⋅ T3⋅+ 2.9872 10 13−⋅ T4⋅−:=
CCO 29.556 6.580710
3−
⋅ T⋅− 2.013 10 5−⋅ T2⋅+ 1.222710 8−⋅ T3⋅− 2.261710 12−⋅ T4⋅+:=
CH2O 33.933 8.4186 10
3−
⋅ T⋅− 2.9906 10 5−⋅ T2⋅+ 1.7825 10 8−⋅ T3⋅− 3.6934 10 12−⋅ T4⋅+:=
2CO = C + CO2 
 
 
 
 
 
 
 
 
 
 
 
 
P 300000:=
P1 101325:=
T0 298.15:=
GH2O 241.74− 4.174 10
2−
⋅ T0⋅+ 7.4281 10
6−
⋅ T0
2
⋅+:=
GCH4 75.262− 7.5925 10
2−
⋅ T0⋅+ 1.87 10
5−
⋅ T0
2
⋅+:=
GCO2 393.36 0.00382T0⋅+ 1.3322 10
6−
⋅ T0
2
⋅−:=
GCO 109.885− 9.221 10
2−
⋅ T0⋅− 1.4547 10
6−
⋅ T0
2
⋅+:=
R 8.314:=
HH2O 238.41− 1.225610
2−
⋅ T0⋅− 2.765610
6−
⋅ T0
2
⋅+:=
HCO2 393.422− 1.5913 10
4−
⋅ T0⋅+ 1.3945 10
6−
⋅ T0
2
⋅−:=
H HCO2 2 HCO⋅−( ):=
CCH4 34.942 3.9957 10
2−
⋅ T⋅− 1.9184 10 4−⋅ T2⋅+ 1.5303 10 7−⋅ T3⋅− 3.9321 10 11−⋅ T4⋅+:=
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Reaction Equilibrium 
constants;    % m-file containing all the constants 
 for e1=0:0.001:2.0; 
   x1=(-(o+2*K*e1*P/P1+e1)+sqrt(((o+2*K*e1*P/P1+e1)^2)-4*(-K*P/P1)* 
        (-(e1^2)*K*P/P1+e1*o+o^2)))/(-2*(K*P/P1)); 
  x2=(-(o+2*K*e1*P/P1+e1)-sqrt(((o+2*K*e1*P/P1+e1)^2)-4*(-K*P/P1)* 
       (-(e1^2)*K*P/P1+e1*o+o^2)))/(-2*(K*P/P1)); 
 plot(e1,x1,'r') 
hold on; 
end 
 
 
 
 
 
 
 
 
 
CP CCO2 2 CCO⋅−:=
Hrxn H
T0
T
TCP
⌠

⌡
d+:=
K e
ln K0( )
T0
T
T
Hrxn
R T2⋅
⌠



⌡
d+









:=
 
 
Hrxn 1.106− 10
4
×=
K 0.027=
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Appendix A4: CO2 + 2H2 = C + 2H2O  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
T 0 298.15:=
GH2O 241.74− 4.174 10
2−
⋅ T0⋅+ 7.4281 10
6−
⋅ T0
2
⋅+:=
GCH4 75.262− 7.592510
2−
⋅ T0⋅+ 1.87 10
5−
⋅ T0
2
⋅+:=
GCO2 393.36 0.00382T0⋅+ 1.3322 10
6−
⋅ T0
2
⋅−:=
GCO 109.885− 9.221 10
2−
⋅ T0⋅− 1.4547 10
6−
⋅ T0
2
⋅+:=
G 2 GH2O⋅ GCO2−:=
R 8.314:=
T 1200:=
HCO 112.19− 8.118 10
3−
⋅ T0⋅+ 8.0425 10
6−
⋅ T0
2
⋅−:=
HCH4 63.425− 4.3355 10
2−
⋅ T0⋅− 1.722 10
5−
⋅ T0
2
⋅+:=
HH2O 238.41− 1.2256 10
2−
⋅ T0⋅− 2.7656 10
6−
⋅ T0
2
⋅+:=
HCO2 393.422− 1.5913 10
4−
⋅ T0⋅+ 1.3945 10
6−
⋅ T0
2
⋅−:=
CH2 25.399 2.017810
2−
⋅ T⋅+ 3.854910 5−⋅ T2⋅− 3.188 10 8−⋅ T3⋅+ 8.758510 12−⋅ T4⋅−:=
H 2HH2O HCO2−( ):=
CCO2 27.437 4.231510
2−
⋅ T⋅+ 1.955510 5−⋅ T2⋅− 3.996810 9−⋅ T3⋅+ 2.987210 13−⋅ T4⋅−:=
CCO 29.556 6.5807 10
3−
⋅ T⋅− 2.013 10 5−⋅ T2⋅+ 1.2227 10 8−⋅ T3⋅− 2.2617 10 12−⋅ T4⋅+:=
CH2O 33.933 8.4186 10
3−
⋅ T⋅− 2.9906 10 5−⋅ T2⋅+ 1.7825 10 8−⋅ T3⋅− 3.6934 10 12−⋅ T4⋅+:=
CCH4 34.942 3.995710
2−
⋅ T⋅− 1.918410 4−⋅ T2⋅+ 1.530310 7−⋅ T3⋅− 3.932110 11−⋅ T4⋅+:=
CP 2CH2O CCO2− 2 CH2⋅−:=
CO2+2H2 = C + 2H2O 
 
 
 
 
 
P 300000:=
P1 101325:=
K0 e
G−
R T0⋅
:=
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Reaction Equilibrium 
constants; 
for e1=0:0.001:2; 
 p=[(P*K/P1)-1,(2*P*K*e1/P1)+(P*K/P1)-w-o-2*e1+2*w,(2*P*K*o*e1/P1)+((P/P1)*K*(e1^2))-... 
(w^2)-(e1^2)-2*e1*o+2*(w^2)+2*w*o,(P/P1)*K*o*(e1^2)-(w^3)-(w^2)*o-w*(e1^2)-
o*(e1^2)+2*e1*(w^2)+2*e1*w*o];  
e2=(roots(p)); 
 plot(e1,e2,'y'); 
hold on; 
end 
 
 
 
 
 
 
 
 
 
Hrxn H
T0
T
TCP
⌠

⌡
d+:=
K e
ln K0( )
T0
T
T
Hrxn
R T2⋅
⌠



⌡
d+









:=
K 2.941 10 4−×=
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Appendix A5: CO + 3H2 = CH4 + H2O 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
GH2O 241.74− 4.174 10
2−
⋅ T0⋅+ 7.4281 10
6−
⋅ T0
2
⋅+:=
GCH4 75.262− 7.592510
2−
⋅ T0⋅+ 1.87 10
5−
⋅ T0
2
⋅+:=
GCO2 393.36 0.00382T0⋅+ 1.3322 10
6−
⋅ T0
2
⋅−:=
GCO 109.885− 9.221 10
2−
⋅ T0⋅− 1.4547 10
6−
⋅ T0
2
⋅+:=
T 1200:=
H HH2O HCH4+ HCO−:=
CH2 25.399 2.0178 10
2−
⋅ T⋅+ 3.8549 10 5−⋅ T2⋅− 3.188 10 8−⋅ T3⋅+ 8.7585 10 12−⋅ T4⋅−:=
CCO2 27.437 4.2315 10
2−
⋅ T⋅+ 1.9555 10 5−⋅ T2⋅− 3.9968 10 9−⋅ T3⋅+ 2.9872 10 13−⋅ T4⋅−:=
CCO 29.556 6.580710
3−
⋅ T⋅− 2.013 10 5−⋅ T2⋅+ 1.222710 8−⋅ T3⋅− 2.261710 12−⋅ T4⋅+:=
CH2O 33.933 8.418610
3−
⋅ T⋅− 2.990610 5−⋅ T2⋅+ 1.782510 8−⋅ T3⋅− 3.693410 12−⋅ T4⋅+:=
CCH4 34.942 3.9957 10
2−
⋅ T⋅− 1.9184 10 4−⋅ T2⋅+ 1.5303 10 7−⋅ T3⋅− 3.9321 10 11−⋅ T4⋅+:=
CO + 3H2 = CH4 + H2O 
 
 
 
 
 
 
 
 
 
 
 
 
P 300000:=
P1 101325:=
G GH2O GCH4+ GCO−:=
T 0 298.15:=
R 8.314:=
K0 e
G−
R T0⋅
:=
K0 1.059=
HCO 112.19− 8.11810
3−
⋅ T0⋅+ 8.042510
6−
⋅ T0
2
⋅−:=
HCH4 63.425− 4.3355 10
2−
⋅ T0⋅− 1.722 10
5−
⋅ T0
2
⋅+:=
HH2O 238.41− 1.225610
2−
⋅ T0⋅− 2.765610
6−
⋅ T0
2
⋅+:=
HCO2 393.422− 1.591310
4−
⋅ T0⋅+ 1.394510
6−
⋅ T0
2
⋅−:=
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Reaction Equilibrium 
constants; 
for e1=0:0.001:2; 
 p=[(-K*(P^2)+2*x*K*(P^2)-(x^2)*K*(P^2)),(-2*e1*K*P^2+4*x*e1*K* 
     (P^2)- 2*(x^2)*e1*K*(P^2)+x*(P1^2)), (-3*x*(P1^2)-x*e1*(P1^2)),(2*(e1^3) 
    *K*(P^2)- 4*x*K*(P^2)*(e1^3)+2*(x^2)*K*(P^2)*(e1^3)+3*x*(P1^2)+ 2*x*(P1^2) 
    *e1- x*(P1^2)*(e1^2)),((e1^4)*K*(P^2)-2*K*(P^2)*(e1^4)*x+K*(P^2)*(e1^4)*(x^2)-x*(P1^2)- 
     x*(P1^2)*e1+x*(P1^2)*(e1^2)+x*(P1^2)*(e1^3))];  
 e2=roots(p); 
 Y=[e2(3,1)  e2(4,1)]; 
 if abs(imag(Y))==0 
     if min(Y)>=-1 && min(Y)<=1 
     plot(e1,Y,'b'); 
      hold on; 
     end 
 end 
end 
CP CH2O CCH4+ CCO− 3 CH2⋅−:=
Hrxn H
T0
T
TCP
⌠

⌡
d+:=
K e
ln K0( )
T0
T
T
Hrxn
R T2⋅
⌠



⌡
d+









:=
K 0.415=
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Appendix A6: CO2 + 4H2 = CH4 + 2H2O 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
T 1200:=
G GCO2− GCH4+ 2 GH2O⋅+:=
R 8.314:=
K0 e
G−
R T0⋅
:=
HCO 112.19− 8.118 10
3−
⋅ T0⋅+ 8.0425 10
6−
⋅ T0
2
⋅−:=
HCH4 63.425− 4.3355 10
2−
⋅ T0⋅− 1.722 10
5−
⋅ T0
2
⋅+:=
HH2O 238.41− 1.225610
2−
⋅ T0⋅− 2.765610
6−
⋅ T0
2
⋅+:=
H 2 HH2O⋅ HCO2− HCH4+( ):=
CH2 25.399 2.017810
2−
⋅ T⋅+ 3.854910 5−⋅ T2⋅− 3.188 10 8−⋅ T3⋅+ 8.758510 12−⋅ T4⋅−:=
CCO2 27.437 4.2315 10
2−
⋅ T⋅+ 1.9555 10 5−⋅ T2⋅− 3.9968 10 9−⋅ T3⋅+ 2.9872 10 13−⋅ T4⋅−:=
CH2O 33.933 8.4186 10
3−
⋅ T⋅− 2.9906 10 5−⋅ T2⋅+ 1.7825 10 8−⋅ T3⋅− 3.6934 10 12−⋅ T4⋅+:=
CCO 29.556 6.580710
3−
⋅ T⋅− 2.013 10 5−⋅ T2⋅+ 1.222710 8−⋅ T3⋅− 2.261710 12−⋅ T4⋅+:=
CP CCO2− 2 CH2O⋅+ CCH4+ 4 CH2⋅−:=
CO2 + 4H2 = CH4 + 2H2O 
 
 
 
 
 
 
 
 
P 300000:=
P1 101325:=
T 0 298.15:=
GH2O 241.74− 4.174 10
2−
⋅ T⋅+ 7.4281 10 6−⋅ T2⋅+:=
GCH4 75.262− 7.5925 10
2−
⋅ T⋅+ 1.87 10 5−⋅ T2⋅+:=
GCO2 393.36 0.00382T⋅+ 1.3322 10
6−
⋅ T2⋅−:=
GCO 109.885− 9.221 10
2−
⋅ T⋅− 1.4547 10 6−⋅ T2⋅+:=
HCO2 393.422− 1.5913 10
4−
⋅ T0⋅+ 1.3945 10
6−
⋅ T0
2
⋅−:=
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Reaction Equilibrium 
constants;    % m-file containing all the constants 
for e1=0:0.001:2; 
    a=(x*(P1^2)+(P^2)*K*(x^3)+3*(P^2)*K*x-3*(P^2)*K*(x^2)-(P^2)*K)/((P1^2)*(-1+x)^3); 
    b=(12*(P^2)*K*e1*x-(P^2)*K*o-12*(P^2)*K*e1*(x^2)+3*(P^2)*K*o*x+4*(P^2)*K*e1*(x^3)- 
         4*K*e1*(P^2)-3*(P^2)*K*o*(x^2)+(P^2)*K*o*(x^3)+2*x*(P1^2)*e1+3*x*(P1^2)*o+ 
         x*(P1^2)*w)/((P1^2)*(-1+x)^3); 
   d=(12*(P^2)*K*o*e1*x-6*(P^2)*K*(e1^2)-18*(P^2)*K*(e1^2)*(x^2)-  4*(P^2) *K*o*e1+ 
       18*(P^2)*K*(e1^2)*x+6*(P^2)*K*(e1^2)*(x^3)+ 4*x*(P1^2)*w*e1+ x*(P1^2)*(e1^2) 
     -12*(P^2)*K*o*e1*(x^2)+4*(P^2)*K*o*e1*(x^3)+3*x*(P1^2)*(o^2)- 2*x*(P1^2)*(w^2) 
      +6*x*(P1^2)*o*e1)/((P1^2)*(-1+x)^3); 
 f=(4*(P^2)*K*(e1^3)*(x^3)+18*(P^2)*K*o*(e1^2)*x-6*(P^2)*K*o*(e1^2)-2*(P^2)*K*(e1^3) 
    *(x^2)-4*(P^2)*K*(e1^3)+12*(P^2)*K*(e1^3)*x+x*(P1^2)*(o^3)-2*x*(P1^2)*(w^3)-  3*x 
    *(P1^2)*w*(o^2)+3*x*(P1^2)*(e1^2)*w- 18*(P^2)*K*o*(e1^2)*(x^2)+6*(P^2)*K*o*(e1^2)* 
     (x^3)-6*x*(P1^2)*(w^2)*o+6*x*(P1^2)*e1*(o^2)+3*x*(P1^2)*o*(e1^2)+6*x*(P1^2)* 
      w*e1*o)/((P1^2)*(-1+x)^3); 
 g=(-3*(P^2)*K*(e1^4)*(x^2)+x*(P1^2)*(w^4)-4*(P^2)*K*o*(e1^3)+3*(P^2)*K*(e1^4) 
Hrxn H
T0
T
TCP
⌠

⌡
d+:=
K e
ln K0( )
T0
T
T
Hrxn
R T2⋅
⌠



⌡
d+









:=
K 0.04=
 256
    *x+(P^2)*K*(e1^4)*(x^3)-(P^2)*K*(e1^4)+12*(P^2)*K*o*(e1^3)*x-2*x 
    *(P1^2)*w*(o^3)+3*x*(P1^2)*(e1^2)*(w^2)-3*x*(P1^2)*(w^2)*(o^2)-4*x*(P1^2)*(w^3)*e1+ 
    3*x*(P1^2)*(e1^2)*(o^2)+2*x*(P1^2)*e1*(o^3)-12*(P^2)*K*o*(e1^3)*(x^2)-6*x*(P1^2)* 
    (w^2)*e1*o+6*x*(P1^2)*(e1^2)*w*o+ 4*(P^2)*K*o*(e1^3)*(x^3))/((P1^2)*(-1+x)^3); 
 h=(-3*(P^2)*K*o*(e1^4)*(x^2)-6*x*(P1^2)*(w^2)*e1*(o^2)+x*(P1^2)*(w^5)-  (P^2)*K 
    *o*(e1^4)+3*(P^2)*K*o*(e1^4)*x+(P^2)*K*o*(e1^4)*(x^3)+ x*(P1^2)*(e1^2)* 
    (w^3)+x*(P1^2)*(e1^2)*(o^3)+3*x*(P1^2)*(w^4)*o+3*x*(P1^2)*(e1^2)*(w^2)*o 
   +3*x*(P1^2)*(e1^2)*w*(o^2)+3*x*(P1^2)*(w^3)*(o^2)+x*(P1^2)*(w^2)*(o^3)- 2* 
   x*(P1^2)*(w^4)*e1-6*x*(P1^2)*(w^3)*e1*o-2*x*(P1^2)*w*e1*(o^3))/((P1^2)*(-1+x)^3); 
 p=[a,b,d,f,g,h]; 
e2=roots(p); 
Y=[e2(4,1) e2(5,1)]; 
if abs(imag(Y))==0 
    if e2(4,1)>=e2(5,1) 
      plot(e1,e2(4,1),'b'); 
      hold on 
    else 
        plot(e1,e2(5,1),'b') 
       hold on; 
     end 
end 
end 
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Appendix B – Scripts for numerical solutions for coal- methane co-gasification 
Appendix B1: CO + H2O = H2 + CO2 
% CO+H2O=H2+CO2 
 constants;    % m-file containing all the constants 
 for e1=0:0.01:1 
    for e3=0:0.01:1 
x1=(-(o+w*K+e1+3*e3)+sqrt(((o+w*K+e1+3*e3).^2)-4*(1-K)*(o*e1+3*o*e3-K*... 
        (e1*w+e3*w-2*e1.*e3-(e1.^2)-(e3.^2)))))/(2*(1-K)); 
       plot3(e1,e3,x1,'r')  
hold on 
    end 
end 
 
Appendix B2: C + H2O = CO + H2 
%C+H2O=CO+H2  
constants;     
for e1=0:0.01:1 
    for e3=0:0.01:1 
      e4=(-(2*e3-2*w*K*P1/P-2*e3*K*P1/P)-sqrt(((2*e3-2*w*K*P1/P-2*e3*K*P1/ P)^2) 
           -4*(K*P1/P+1)*((K*P1/P*((w^2)+2*e3*w-(e1^2)-3*(e3^2)-4*e1*e3))... 
           -(e1^2)-3*(e3^2)-4*e1*e3)))/(2*(K*P1/P+1)); 
 if abs(imag(e4))==0 
    if e4>=-1 && e4<=1 
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    plot3(e1,e3,e4,'b'); 
hold on; 
    end 
end 
    end 
end 
 
 
Appendix B3: 2CO = C + CO2 
% 2CO=C+CO2 
 constants;    % m-file containing all the constants 
 for e1=0:0.005:1.0 
    for e3=0:0.005:1.0 
      e2=(-(-2*e1*P/P1*K-2*e3*P/P1*K-e1-e3-o)-sqrt(((-2*e1*P/P1*K-2*e3*P/P1... 
       *K-e1-e3-o)^2)-4*(P/P1*K)*(P/P1*K*((e1^2)+(e3^2)+2*e1*e3)-(o^2)-... 
       e1*o-e3*o)))/(2*(P/P1*K)); 
  if abs(imag(e2))==0 
    plot3(e1,e3,e2,'b'); 
    hold on; 
end 
    end 
end 
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Appendix B4: CO2 + 2H2 = C + 2H2O 
% CO2+2H2=C+2H2O 
 constants;    % m-file containing all the constants 
 for e1=0:0.01:1.0 
    for e3=0:0.01:1.0 
 p=[(P*K/P1)-1,(P*K/P1*(o+2*e1+6*e3)+w-4*e3-o-2*e1),(P*K/P1*(2*e1*o+6*... 
    e3*o+(e1^2)+6*e1*e3+9*(e3^2))+2*w*o+(w^2)-6*e1*e3+4*w*e3-2*e3*o-5*... 
    (e3^2)-(e1^2)-2*e1*o),(P/P1)*K*((e1^2)*o+6*e1*e3*o+9*(e3^2)*o)+2*w... 
    *e1*e3-(w^2)*o+2*w*e1*o-2*e1*e3*o-(w^3)+2*(w^2)*e1-2*(e3^3)-(e3^2)*... 
    o-4*e1*(e3^2)-2*(e1^2)*e3-(e1^2)*o-(e1^2)*w+3*w*(e3^2)+2*w*e3*o];  
e2=(roots(p)); 
if max(e2)<=1 && max(e2)>=-1 
    plot3(e1,e3,max(e2),'r') 
    hold on; 
end 
    end 
end 
 
Appendix B5: CO + 3H2 = CH4 + H2O 
% CO+3H2=CH4+H2O 
  constants;    % m-file containing all the constants 
for e1=0:0.01:1 
        for e3=0:0.01:1 
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        a=-K*(P1^2)/(P^2); 
        b=K*(P1^2)/(P^2)*(-2*e1-8*e3)+n-e3; 
        c=K*(P1^2)/(P^2)*(-18*(e3^2)-6*e1*e3)+3*(e3^2)-2*(n^2)+e1*e3-e1*n-e3*n+3*e3*w-*n*w; 
        d=K*(P1^2)/(P^2)*(2*(e1^3)+18*e1*(e3^2)+12*(e1^2)*e3)+(n^3)+2*e1*(e3^2)+(e1^2)*e3- 
        (e1^2)*n-2*(e3^2)*n+e3*(n^2)-  3*e3*(w^2)-6*(e3^2)*w +3*n*(w^2)+4*(n^2)*w-2*e1*e3* 
             n-2*e1*e3*w+2*e1*n*w+2*e3*n*w; 
        f=K*(P1^2)/(P^2)*((e1^4)+27*(e3^4)+54*e1*(e3^3)+10*(e1^3)*e3+36*(e1^2)*(e3^2))+ 
e1*(n^3)-(e1^3)*e3-8*e1*(e3^3)+(e1^3)*n+e3*(n^3)+e3*(w^3)-n*(w^3)-(n^3)*w-4*(e3^4)- 
            5*(e1^2)*(e3^2)+2*(e1^2)*(n^2)+3*(e3^2)*(n^2)+3*(e3^2)*(w^2) -2*(n^2)*(w^2) 
            +5*e1*e3*(n^2)+2*e1*(e3^2)*n+3*(e1^2)*e3*n+e1*e3*(w^2)-2*e1*(e3^2) *w -(e1^2)* 
e3*w-e1*n*(w^2)+(e1^2)*n*w-e3*n*(w^2)-e3*(n^2)*w+2*(e3^2)*n*w+2*e1*e3*n*w; 
         p=[a,b,c,d,f]; 
         e2=roots(p); 
       Y=[e2(3,1) e2(4,1)]; 
         if abs(imag(Y))==0 
             if min(Y)>=-1 && min(Y)<=1 
               plot3(e1,e3,min(Y),'r') 
              hold on; 
             end 
         end 
    end 
end 
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Appendix B6: CO2 + 4H2 = CH4 + 2H2O 
% CO2+4H2=CH4+2H2O 
 constants;    % m-file containing all the constants 
 for e1=0:0.005:1.0 
        for e3=0:0.005:1.0 
    J=(P1^2)*K/(P^2); 
    a=J; 
    b=J*(4*e1+12*e3+o)+e3-n; 
    c=J*(36*e1*e3+12*o*e3+4*o*e1+6*(e1^2)+54*(e3^2))-2*n*o+2*e3*o+2*e3*e1-... 
        2*(n^2)-2*n*e3+4*(e3^2)-2*n*e1; 
   d=J*(54*o*(e3^2)+108*e1*(e3^2)+36*o*e1*e3+36*e3*(e1^2)+108*(e3^3)+6*o*... 
       (e1^2)+4*(e1^3))+e3*(o^2)+2*(n^2)*w+e3*(e1^2)-2*(n^2)*o-n*(o^2)-n*... 
       (e1^2)+2*e3*w*e1-2*e3*w*o+2*n*w*o+6*(e3^2)*o-2*n*w*e3+4*e3*e1*o-... 
       2*n*e1*e3-4*n*o*e3-4*n*e1*o-2*e3*(w^2)-2*n*w*e1-5*(n^2)*e3+2*n*(w^2)... 
       +6*(e3^3)-4*(n^2)*e1+6*(e3^2)*e1-(n^3); 
 f=J*(4*o*(e1^3)+108*o*(e3^3)+12*e3*(e1^3)+108*o*e1*(e3^3)+54*(e1^2)*... 
    (e3^2)+36*o*e3*(e1^2)+81*(e3^4)+(e1^4))-4*(e3^2)*(w^2)+2*n*(e3^3)... 
    -2*n*e3*(o^2)+2*(e3^2)*(o^2)+2*(n^2)*(w^2)-4*(e3^2)*w*o-4*n*w*e1*e3... 
    -4*n*w*(e3^2)+4*(n^2)*w*o-2*e3*(w^2)*e1+8*(e3^2)*e1*o+2*n*(w^2)*o... 
    +2*n*e1*(e3^2)-2*e3*w*(o^2)+6*(e3^3)*o+2*(n^3)*w+2*(e3^2)*(e1^2)... 
    -4*(n^2)*e1*o-4*(n^2)*e3*o-4*n*e1*o*e3+2*e3*(e1^2)*o-6*(n^2)*e1*e3... 
    +2*e3*e1*(o^2)-2*n*(e3^2)*o-2*n*e1*(o^2)-4*(n^2)*(e3^2)-2*n*(e1^2)*w... 
    +4*(e3^2)*w*e1+4*(e3^4)+2*n*(w^2)*e1+2*(n^2)*w*e3+2*e3*(e1^2)*w-2*n... 
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    *(e1^2)*o-2*e3*(w^2)*o+2*n*(w^2)*e3-2*(n^3)*e1-2*(n^2)*(e1^2)-2*(n^3)... 
    *e3+6*(e3^3)*e1+2*n*w*(o^2); 
 g=J*(54*o*(e1^2)*(e3^2)+108*o*e1*(e3^3)+12*o*e3*(e1^3)+81*o*(e3^4)+o*... 
    (e1^4))-2*(e3^2)*(w^2)*e1-2*n*w*e1*(e3^2)+2*n*w*e1*(o^2)+2*n*e1*(e3^3)... 
    -4*e3*(w^2)*e1*o-n*(e3^2)*(o^2)+2*(n^3)*w*e3-n*(e1^2)*(w^2)+e3*(e1^2)*... 
    (w^2)-(n^3)*(e1^2)+2*e3*(w^3)*o-2*w*(e3^3)*o-(n^2)*(e3^3)+4*e1*(e3^3)*o... 
    +2*e1*(e3^4)+2*(n^3)*w*e1+3*(n^2)*(w^2)*e3-2*(n^2)*e1*(e3^2)-2*(n^2)... 
    *(e3^2)*o-(n^3)*(w^2)+2*e1*(e3^2)*(o^2)+n*(e3^4)+2*(e3^2)*(e1^2)*o... 
    -2*n*(w^3)*o+(e3^3)*(e1^2)-(n^3)*(e3^2)-n*(w^4)+(e3^3)*(o^2)-2*e3*(w^3)*e1... 
    -(n^2)*(e1^2)*e3+2*(e3^4)*o+n*(e1^2)*(e3^2)+(e3^5)-2*(e3^2)*(w^2)*o-n*(w^2)... 
    *(o^2)-2*(n^2)*(e1^2)*w+4*(n^2)*(w^2)*e1-n*(e1^2)*(o^2)+2*e3*(e1^2)*w*o... 
    -2*e3*w*e1*(o^2)+4*n*(w^2)*e1*o-2*n*(e1^2)*w*o+4*n*(w^2)*o*e3-2*(n^2)*w... 
    *e1*e3-2*(e3^3)*(w^2)+e3*(w^4)-2*w*(e3^2)*(o^2)+2*(e3^2)*(e1^2)*w... 
    +2*n*(w^3)*e3+e3*(w^2)*(o^2)-2*(n^2)*(w^3)+e3*(e1^2)*(o^2)-2*n*w*(e3^3)... 
    -2*(n^2)*(w^2)*o-4*(n^2)*e1*e3*o-2*n*w*(e3^2)*o-4*n*w*e1*o*e3+4*(n^2)*w*e3*o... 
    +2*n*(w^3)*e1+4*(n^2)*w*e1*o+2*(e3^3)*w*e1-2*n*(w^2)*e1*e3-2*(n^2)*(e1^2)*o... 
    -2*(n^3)*e1*e3+2*n*e1*e3*(o^2)+2*n*w*e3*(o^2); 
 p=[a,b,c,d,f,g]; 
 e2=roots(p); 
Y=e2(4,1); 
X=e2(5,1); 
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if abs(imag(Y))==0 && abs(imag(X))==0 
    if Y>=-1 && Y<=1 
plot3(e1,e3,Y,'b') 
hold on 
end 
if X>=-1 && X<=1 
    plot3(e1,e3,X,'b') 
    hold on 
end 
end 
    end 
end 
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Appendix C: Data 
Appendix C1: Constants 
R=8.314;                 % gas constant 
 To=298;                  % standard temperature (K) 
P=300000;                % reaction pressure 
w=1;                     % water in feed (mol) 
P1=101325;               % 1 bar (standard pressure) 
T=1200;                  % reaction temperature K 
o=1.;                  % oxygen in  (mol)  
x=0.01;                  % mole fraction of methane 
n=1;                    % methane in feed (mol) 
 
% Standard enthalpies of formation (kJ/molK) 
 H_co=(-112.190+(8.118*10^-3)*(1/T-1/To)-(8.0425*10^-6)*(1/T-1/To)^2); 
H_meth=(-63.425-(4.3355*10^-2)*(1/T-1/To)+(1.7220*10^-5)*(1/T-1/To)^2); 
H_h2o=(-238.41-(1.2256*10^-2)*(1/T-1/To)+(2.7656*10^-6)*(1/T-1/To)^2); 
H_co2=(-393.422+(1.5913*10^-4)*(1/T-1/To)-(1.3945*10^-6)*(1/T-1/To)^2); 
 
% Constants for the Cp's 
a_H2=25.399; 
a_CO2=27.437; 
a_CO=29.556; 
a_H2O=33.933; 
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a_meth=34.942; 
b_H2=2.0178*10^-2; 
b_CO2=4.2315*10^-2; 
b_CO=-6.5807*10^-3; 
b_H2O=-8.4186*10^-3; 
b_meth=-3.9957*10^-2; 
c_H2=-3.8549*10^-5; 
c_CO2=-1.9555*10^-5; 
c_CO=2.0130*10^-5; 
c_H2O=2.9906*10^-5; 
c_meth=1.9184*10^-4; 
 
d_H2=3.1880*10^-8; 
d_CO2=3.9968*10^-9; 
d_CO=-1.2227*10^-8; 
d_H2O=-1.7825*10^-8; 
d_meth=-1.5303*10^-7; 
e_H2=-8.7585*10^-12; 
e_CO2=-2.9872*10^-13; 
e_CO=2.2617*10^-12; 
e_H2O=3.6934*10^-12; 
e_meth=3.9321*10^-11; 
 
 
